Iranian Journal of Chemical Engineering, Vol. 21, No. 2, 30-43, (2024)

Iranian Journal of Chemical Engineering

pISSN: 1735-5397

elSSN: 2008-2355

Journal Homepage: www.ijche.com

Low-Cost and Green Synthesis of the Disodium Salt of
Hydroquinone: the Investigation of its Physical and Chemical
Properties and Crystal Structure

Reza Pirdadeh Beiranvand, Saeed Ovaysi''*

Faculty of Petroleum and Chemical Engineering, Razi University, Kermanshah, Iran

ARTICLE INFO

ABSTRACT

Article type:
Research article

Article history:

Received: 2024-01-06
Revised: 2024-04-03
Accepted: 2024-04-24
Available online: 2024-04-24

Keywords:
Disodium salt of
hydroquinone,
Chemical synthesis,
FTIR analysis,
XRD analysis.

A low cost and environmentally friendly process for the synthesis of the
disodium salt of hydroquinone (DSH) is presented. This novel synthesis
technique employs water as solvent. Compared to the well-established
synthesis techniques which utilize methanol, the presented technique is
safer and environmentally friendly. First, a DSH sample is synthesized
using the customary synthesis technique by employing methanol as
solvent. Then, the technique introduced in this study is implemented
under three different scenarios differing in the way the drying step is
performed. The resulting DSH powders are then compared using FTIR
analyses. It is shown that all the synthesis techniques yield acceptable
results, However, drying at higher temperatures yield better results.
Furthermore, the crystal structure of the DSH sample is investigated
using an XRD analysis and compared to the simulated diffraction
pattern of DSH. The results indicate the correct synthesis of DSH.
Finally, a DSC-TGA test is performed to further confirm the correct
synthesis of DSH.
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1. Introduction

The Disodium Salt of Hydroguinone (DSH), as
an alkali metal phenolate [1] which is
produced through the reaction of a phenolic
compound with an alkali metal, lends itself to
the transfer of carbon dioxide onto its
carboxylate C-H bonds [2]. As such, it is a
starting point for the production of 2,5- of

dihydroxyterephthalic acid which in turn is
used in the production of polymers [3, 4],
polyesters [5, 6], and metal-organic
frameworks (MOFs) [7, 8, 9]. Although, both
disodium and dipotassium  salts  of
hydroquinone (DPH) are used to produce
MOFs, the use of DSH is preferable in terms
supply, cost, and reactivity [1].
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Furthermore, DSH serves as an intermediary
component in various chemical processes
involving the Kolbe-Schmitt process which
produces hydroxy-carboxylic acids [10]. This
process, which employs a vital solid-gas
interaction, is the critical first step in the
production of various pigments, fertilizers, and
medicines [2, 11, 12].

DSH is produced by contacting hydroquinone
(HQ) with sodium hydroxide (NaOH) or
sodium alkoxides. Combining HQ and NaOH
in a molten phase seems straightforward.
However, this approach requires heating the
medium to the melting point of NaOH, i.e., 318
°C. At this temperature, HQ, which boils at
285 °C, evaporates. Apart from the high
energy costs associated with this approach,
high temperatures damage the product
irreversibly. To overcome this challenge, a
solvent is employed to facilitate the production
of a homogeneous mixture. The use of a
solvent also enables the reaction to proceed
under milder conditions [2]. Various methods
and solvents, such as tetrahydrofuran (THF),
toluene and ammonia, have been proposed [1].
However, these solvents are expensive and
environmentally hazardous. Furthermore,
these solvents are difficult to recover.
Therefore, their industrial use is impractical.
Additionally, the quality of the DSH powder
produced during the lengthy process remains
uncertain. Thus, the suggested methods are not
feasible for the industrial production of DSH.
This study develops a practical technique for
utilizing aqueous and organic solvents,
including demineralized (DM) water and low
alcohols to produce DSH, which can be scaled
up to an industrial scale. It has to be noted that
often times the toxic solvents used in
manufacturing processes end up in wastewater
streams. The purification of such wastewater
streams requires significant efforts to eliminate
trace organic contaminants [13]. Also, organic
solvents in metal-phenolic structure reactions

require  laborious and time-consuming
protocols to eliminate residual traces [15, 16],
often eliminated in aqueous conditions.
Therefore, solvent modification innovations
offer an opportunity to address environmental
issues such as water pollution [14]. This

reduces costs and minimizes hazards
associated with toxic solvents, meeting
environmental regulations. The research

investigates the functional groups present in
the synthesized DSH structure, as well as the
increasing of crystallinity and Miller indices
needed to establish the crystallographic
structure. These indices help define planes and
directions within lattices or crystals [17]. Also,
the Fourier Transform Infrared spectroscopy
(FTIR) analysis is used to investigate the
functional groups and the impact of
temperature on the drying process, and through
the powder sample analysis, the DSH
(Naz[CeH402]) structure is identified. We first
present the materials and methods utilized in
this study as well as the analytical techniques
used to evaluate the synthesized DSH. Finally,
the results and discussions are presented.

2. Materials and Methods

2.1 Materials

Methanol (99.8%) and NaOH pellets (97.0%)
in ACS grade, both from the Sigma Aldrich
brand, pure HQ crystals with synthesis grade,
purchased from Merck, and DM water with
0.02 pS/cm  conductivity, produced by
Kermanshah polymer company, were used in
this study. All experiments were performed in
a nitrogen atmosphere to ensure purity. It is
crucial that the methanol used in the DSH
synthesis is completely free of moisture and
insoluble oxygen. Therefore, methanol was
dried before use [18]. NaOH and HQ were
used in their original form without further
treatment. All materials were weighed using a
Mettler Toledo ME204 scale with the 0.0001 g
accuracy. NaOH pellets were ground by a
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BEST 250 high-speed multi-function grinder,
and all the reactions were carried out under
nitrogen purge for safety and to prevent
contamination by outside air.

CsH,(OH), + 2NaOH - C4H,0,Na, + 2H,0

To investigate the impact of the reaction
medium on the DSH synthesis, the process was
performed under either an air or nitrogen
atmosphere. As shown in figure 1, in the
presence of air, HQ is oxidized to poly-
hydroquinone (PHQ). Previous studies [19]

2.2 Methods
Equation 1  describes the  reaction
stoichiometry needed to synthesize DSH.

(1)

have identified NaOH acting as a catalyst in
this process. In the absence of air and under a
nitrogen atmosphere, no color change was
observed, indicating no side reactions. A
schematic of the laboratory setup used in this
study is shown in figure 2.

10 minutes after
mixing

30 minutes after

mixing

60 minutes after
mixing

Figure 1. Oxidization of the DSH mixture exposed to the atmospheric air.

To investigate the impact of various synthesis
methods on the quality of the synthesized
DSH, the below four different scenarios are
studied. It is important to note that high drying
temperature of alkali metal phenate solutions
such as DSH might cause the decomposition
and discoloration of the product [20]. Also,
even small amounts of water can lead to
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clumping, requiring further processing before
the industrial use [21]. Additionally, the
existence of water in the product could direct
the reaction to the left side (c.f. equation 1).
Therefore, it is required to keep the water
content of the produced DSH at less than 0.3 —
1 wit%.
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£0% Caustic
- e
Solution

e 60% HQ Solution

Figure 2. Laboratory apparatus for the synthesis of DSH in scenarios I, IlI, and IV.

2.2.1. Scenario |

4.1599 g (37.78 mmol) of HQ crystals was
dissolved in 12.8897 g (402.3 mmol) of dried
methanol at room temperature in a 100 ml
round three-neck flask. The solution was
stirred for 15 minutes to ensure homogeneity.
Additionally, the flask was placed in a
water/ice bath to reduce the temperature to less
than 5 °C. Next, 3.1132 g (77.83 mmol) of
ground NaOH in a 2:1 stoichiometric ratio of
NaOH to HQ was slowly added to the solution
in a fed-batch mode over 50 minutes to prevent
temperature increase. The solvent was then
evaporated in the reaction flask at 25 °C for a
duration of 11 hours. To remove any water
content produced from the reaction (cf. eq 1),
the solid powder was subjected to a desiccator
containing calcium/lithium chloride
adsorbents for 3 days. Lastly, the white powder
was sealed and stored under a nitrogen
atmosphere due to its high sensitivity to air and
humidity.

2.2.2. Scenario 11

To produce a 50% NaOH solution, 2.1712 g
(54.28 mmol) of NaOH was added to an equal
weight of DM water. The goal was to minimize

the use of solvent and obtain the most
concentrated solution possible. In a three-neck
flask, 2.9003 g of hydroquinone was dissolved
in 44 mL of DM water to prepare a 0.6 molar
solution of hydroquinone [22]. Using a 5-
milliliter syringe and at a rate of 0.022
milliliters per second, the NaOH solution was
injected into the HQ solution at 25 °C, and the
reaction mixture was stirred for 3.5 hours. The
resulting DSH aqueous solution could either
be distilled or evaporated. Once the reaction
was complete, the mixture was heated in a
vacuum oven at 120°C to remove the solvent.
The DSH salt then precipitated as a white solid
powder, sealed, and stored under nitrogen.

2.2.3. Scenario 111

The procedure for the reaction was identical to
that explained in Scenario IlI, however the
quantities of NaOH (2.108 g, 52.7 mmol) and
HQ (2.9014 g, 26.35 mmol) were utilized at a
stoichiometric molar ratio.

2.2.4. Scenario IV

The steps involved in the procedure, such as
the preparation of the solution and reaction,
were the same as described in Scenario 1, with
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the exception of utilizing a spray dryer to dry
the resulting solution. In order to crystallize the
DSH, the resultant spray contacted a nitrogen
flow and was heated to 150 °C for 12 minutes
in the spray dryer to complete the dehydration.

2.3. Analysis of the DSH powder

The DSH powder was analyzed using the X-
ray diffraction (XRD) analysis, Fourier
transform infrared (FTIR) spectroscopy and
thermal gravimetric analysis (TGA).

FTIR data were recorded on a Bruker Alpha Il
spectrometer at room temperature (298 K) with
standard KBr beam splitter. High sensitivity
DLATGS detector was employed in the 400-
4000 cm range with step size equal to 2.062
cmt. 1 mg of the solid sample was ground to
less than 2 pum together with 100 mg of a
matrix of potassium bromide (KBr) matrix.
The resulting powder was then turned into a
transparent tablet in a vacuum environment
under a 29 psi of pressure. The obtained data
are presented without any manipulation.

The X-ray diffraction (XRD) analysis was
conducted at room temperature employing a
monochromatized Cu-K,; STOE STADIP
MODEL apparatus with 40 kV of voltage and
a current of about 30 mA, using a copper
source with 0.3 mm and 0.5 mm sealed glass
capillaries to avoid atmospheric contact (A =
1.54 A). The spectra of the analyzed samples
were measured in the range of 5 to 70 degrees
(20) with a step length of 0.02. The Miller
indices associated with XRD patterns were
indexed [23, 24, 25, 26] and determined as
tetragonal lattice parameters. The DSH lattice
constant, crystal size, and crystal phases were
determined from the XRD spectra [27]. Table
1 provides all the crystallographic data and
related deployed methods.

The differential scanning calorimetry (DSC)
and the thermogravimetric analysis (TGA)
were carried out using a TA Q600 model
device and a 2-star Mettler Toledo instrument
respectively. The samples for both DSC and
TGA are heated under nitrogen at a 5°C/min
heating rate by the ramp method.

Table 1.
Crystallographic data structure of DSH.
Formula Naz[m-CsH40-]
Molecular weight 154.08 g/mol
Crystal system Tetragonal
Space group, formula units ~ P4,/ncm; 4
X-ray density 1.594 g/cm®
Crystal size 78.5476 hm
Crystallinity Index 84.1244
Cell volume 625.33
Cell angles a (90) B (90) vy (90)
Sample dimension 0.3 mm and 0.5 mm glass capillary
Instrument EQUINOX 3000; Powder diffractometer
Cu-Kay radiation, germanium monochromator, curved position
sensitive (CPS 120) detector
Scan type, range, step 20; 5°<20<70°; 0.02
Temperature 298 K
Number of data points 3150
Background Manual & Fourier Filtering

Structure refinement

Rietveld, Second Derivative Method
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3. Results and discussions

Figure 3 shows the sample synthesized under
scenario I, which consists of a white powder
precipitated in methanol. After drying in a
nitrogen atmosphere, and dehydrated inside a
desiccator equipped with silica gel, the
resulting powder is consistently white and free
of impurities. The powder was placed in a
glass bottle under a nitrogen atmosphere under
dark conditions. After 119 days of storage, the
sample was analyzed again. A noticeable
change of color from white to light yellow was
observed. Also, Figure 5 demonstrates that, the
absorption peaks are slightly shifted. The
peaks at 1482 cm™ and 1268 cm™ show C=C

and C-O stretching modes. Also, the peaks at
841, 791, and 736 cm™ specify =C-H out-of-
plane bending mode of the aromatic ring of
hydroquinone while the peaks at 548, 513, and
416 cm™ indicate the presence of sodium (Na)
bonding with other atoms in the chemical
structure and lattice vibration in ionic solids.
Despite the slight shift in absorption peaks, we
notice that, the functional groups identified
through the FT-IR analysis for both of the new
and old samples are identical .Therefore, we
conclude that after 119 days of storage under
the above-mentioned conditions the chemical
structure of DSH remains unchanged.

S :
5 3 vy
i )

)y

|

l“l'.
| Stlica Gol
11 Hours Under Niogen Piise

Figure 3. DSH sample synthesized under scenario |.

After conducting the necessary analyses, both
of the samples were exposed to air. It was
noticed that both of the samples changed color
to dark blue as shown in figure 4. However,
compared to the new sample which changed
color upon exposure to air, it took a longer time
for the old sample. This might indicate that the
stability of DSH is affected by its long-term
storage. Also, the stabilities of the samples
synthesized using 3% excess NaOH, i.e., under
scenarios 1, Il, and 1V, are better than that of
the sample synthesized under scenario I11. It is
well known that DSH is unstable and
decomposes rapidly under certain conditions
[1, 20, 21]. This can be explained by the fact
that the substitution of hydrogen with sodium
ions in the benzylic positions of HQ facilitates
the formation of free radicals. Additionally,

the benzylic positions in aromatic rings are
especially susceptible to oxidation. Once
exposed to oxygen, the autoxidation chain of
DSH begins rapidly [28]. The change of color
of DSH to dark blue which is due to the
formation of quinones is caused by this
oxidation. In fact, the addition of sodium to
HQ reduces one electron from the carbonyl
groups of HQ and forms at least one radical
ketyl anion. This radical anion is deep blue in
color and is very reactive with both oxygen and
protons. The coupling process of these ketyl
radicals, which occur reversibly for simple
aromatic ketyls, leads to the reductive
dimerization of carbonyl compounds. The one-
electron reduction of the a-dicarbonyl
compounds of aromatic quinones gives radical
anions known as the semiquinones [28].
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N

The color change from
white to cream was
observed after 119 days of
storage under nitrogen.

The color of the sample
changed to blue as soon as
it was exposed to air.

The complete color change
of the sample to blue
occurred 10 minutes after
its exposure to the air.

Figure 4. Stability of the DSH sample exposed to air and inert gas.

Figure 6 shows the FTIR analyses of the
samples synthesized under scenarios | to IV.
The comparison of the peaks reveals that, the
functional groups in all samples are the same.
It has to be stressed that the moisture content
of DSH decreases as the drying temperature
rises. Also, since the broad peak of the -OH

group at around 3000 cm™ has the lowest
intensity for the sample synthesized under
scenario 1V, this scenario yields the driest DSH
sample. Therefore, scenario IV is considered
the most appropriate scenario for the industrial
production. The other peaks related to the
fingerprint region are investigated in figure 5.

Absorbane (%)

sample after 119 days

Analyzed instantly afer synthesis

| i 1

|~ waw..r‘mfll ll‘(g/

Peaks Shift

|
2400 2000 1600

1200 800 400

Wavenumber (em™)
Figure 5. FT-IR absorbance for two samples, fresh and after 119 days.

Figure 7 compares the observed XRD pattern
for the sample synthesized under scenario 1V
with a CCDC Structure 192926 “’catena-((p6-
1,4-Phenylenediolato)-di-sodium)’’ using the
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Highscore Plus Xpert software. As shown in
this figure, a high level of agreement is
observed. To increase the crystallinity, the
sample was annealed at 220 °C for several
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hours. The second derivative refinement was
utilized to refine the pattern's baseline. The
Fourier self-deconvolution method was
applied to extract 20 strong peaks.
Furthermore, the inter-planar d-spacing was
estimated using Bragg law. Also, Miller
indices were calculated [29, 30]. The
calculated Miller indices confirm the

formation of a tetragonal crystal structure.
Additionally, the lattice constants were
calculated to compare the synthesized lattice
parameters with those reported previously.
Table 2 demonstrates that, the calculated
lattice constants are identical to those reported
in previous studies [1].

Scenario IV - dried at 150 °C

iScenario lll - dned at 120 °C

e —

,.”‘,,A

e -

Transmittance (a.u.)

Scenario | - dried at 25 °C

‘Scenario |l - dried at 120 °C L

~ J—

I I 1
4000 3500 3000 2500

1 T T

T
2000 1500 1000 500

Wavenumber (cm™)
Figure 6. Effects of the drying temperature on the functional groups related transmittance.

Alkali metals in the periodic table, like
sodium, have a vacant orbital in their electron
configurations that can take electrons, whereas
phenolic compounds are electron donors.
Hydroquinone, as a phenolic compound
containing dihydroxyphenyl with high =
electron content and aromaticity, provides
strong negative binding sites that form m-
cation interactions with sodium cations. Alkali
metal sodium is also a monovalent cation with
the nst configuration. Each oxygen atom of the

hydroxyl functional group can provide a pair
of electrons to a vacant orbital in metal ions,
which leads to the formation of reversible
coordination bonds and a metal-phenol
structure [31]. The  aforementioned
compounds were synthesized by reacting a
mixture of alkali metal sodium and an
approximately stoichiometric quantity of
hydroquinone utilizing particular, optimal
reaction circumstances (cf. equation 1).
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11000

10000 - Experimental pattern: smoothed and refined
9000 CCDC Structure 192926: catena-((u6-1,4-Phenylenediolato)-di-sodium)
8000
7000

AL L L\ Al
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Figure 7. X-ray diffraction pattern of DSH.

The crystal structure depicted in figure 8 is
solved by Direct Methods using the program
package VESTA and demonstrates the
formation of chains of oxygen and sodium,
with the bond angles of 84.3° when O is in the
corner, of 105.6° when Na is in the corner, and
of 88.6° for O-Na-O (cf. Table 2). This
perspective illustrates the stacking of
phenylene rings, through which multiple

sodium and oxygen chains are linked together.
As illustrated in figure 8, the cubes thus
generated are slightly twisted compared to an
ideal hetero-cubane, exhibiting the two O-Na-
O angles for the sodium (88.6°, 105.6°). Also,
the lengths of vertical and diagonal Na-O
interactions were measured as 2.24 and 2.371
angstroms (cf. Table 2) respectively.

Figure 8. a) Perspective view of the crystal structure of DSH. b) Repeated unit of DSH. Black, gray, and
red atoms show carbon, sodium, and oxygen respectively.
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Table 2.

Comparison of the lattice constants calculated from X-ray diffraction patterns and all
bond lengths, angles, and torsions measured from the DSH structure.

Comparison of the Calculated Lattice

Lattice Constant

Previous study [1] This study (A)

Percent Error

(A) [%]
a=b 10.5114 10.5116 0.0023
c 5.6593 5.6595 0.0042
All Bond Lengths
Atoms Length (A)
Na @) 2.240
O C 1.354
C C 1.395
C C 1.395
0] Na 2.371
All Atom Angles
Atoms Angle (°)
o) Na o) 105.6
o) Na o) 88.6
Na o) C 133.0
Na o) Na 103.2
C o) Na 111.1
Na o) Na 84.3
C C C 119.5
@) C C 119.6
C C C 120.7
All Torsions
Atoms Torsion
o) Na o) Na 2.9
o) Na 0] Na 90.0
o) Na O C 133.5
Na o) C C 88.6
Na o) C C 137.4
Na O C C 45.4
C C C o) 1775
C C C C 5.4
C C C C 5.3

To further qualify the sample synthesized
under scenario IV, a DSC analysis was
performed to find out whether the thermal
properties and thermal behavior of the samples
synthesized using scenarios | and 1V were the
same. Figure 9 shows the DSC results
alongside the TGA pattern for the sample
synthesized under scenario IV. The patterns
seen for the samples synthesized under
scenarios | and IV follow the same trend,
proving identical molecular structures. The
narrow endothermic peak at 103.92 °C can be

attributed to the evaporation of any residual
solvent, i.e., water, present in the sample. The
DSH sample loses 3.54% of its weight due to
this process. Another endothermic peak at
227.67 °C corresponds to a melting or phase
transition within DSH. It signifies the heat
absorbed by the sample as it transitions to a
liquid state or undergoes a phase change. The
sample experiences an 11.51% weight loss due
to the breakage of intermolecular forces
holding the solid structure together and the
resulting gas emission. The broad exothermic
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peak at 609.25 °C indicates a significant
exothermic process occurring within the
sample. This peak can be associated with the
thermal decomposition or a chemical reaction
involving DSH that releases gas. The
accompanying 2.68% weight loss is observed
due to the release of gases such as carbon
monoxide. The second broad exothermic peak
at 847.17 °C represents another significant
exothermic process. Similarly, it could be the

Heat Flow (W/g)

103917 °C §227.667 °C

combustion or another significant chemical
transformation occurring within the sample
that yields a 58.02% weight loss. In the
absence of oxygen and under a nitrogen flow,
the degradation of hydroquinone and its
aromatic ring leaves behind a carbonaceous
residue. Overall, the TGA analysis of the DSH
sample under scenario IV reveals that, the
material is thermally stable up to 609.25 °C.

Weight (%)

0.6 +—

T T T

T T T ' T L T
0 100 200 300 400 500 600 700 800 900 1000 1100 1200

Temperature (°C)

Figure 9. TGA-DSC analysis of the synthesized DSH in scenarios | and 1V.

4. Conclusion

In this study, the ways to produce DSH using
safe and environmentally friendly solvents
have been investigated. Water as the most
abundant substance on the surface of the earth
was chosen. Four different scenarios for the
production of DSH, using methanol, i.e., the
solvent used in previous studies, and water,
were studied. It was found that the DSH
produced using water was more than 99%
analogous to that synthesized using methanol.
The identification of the functional groups
using FTIR spectra revealed the correct
chemical structure of the DSH powder
synthesized using a water solvent.
Furthermore, the crystal structure of DSH was
confirmed using the XRD analysis. Moreover,
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using a DSC-TGA analysis it was found that
the synthesized DSH powder in this study was
stable up to 609.25 °C. The current strategy has
achieved noticeable outcomes in the
environmental preservation as well as cost
reduction. The replacement of solvents as
methanol, ethanol, and ammonia [1] with
water will reduce the considerable burden of
costs associated with the industrial production
of DSH due to the difference in the price of the
purchased solvents.

In spite of the reduction in the production cost
and environmental pollution associated with
the synthesis of DSH in an aqueous medium,
the challenge of stability under air conditions
remains, necessitating further research. The
elucidation of how the physicochemical
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characteristics (e.g., the size, orbital state,
configuration of the electrons, and reduction
potential) of metal ions affect the stability and
responsiveness of metal-phenolic interactions
is a crucial fundamental question to be
clarified. In addition, the extensive knowledge
of the fundamental mechanisms (e.g., Kinetics
and dynamics) of the diverse interactions
between metal ions and phenolic compounds is
desirable.
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