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Abstract—The undesirable influence of organic impurities in toluene feedstock has been investigated on purity of syn-
thesized Toluene diisocyanate and density of rigid polyurethane foam. Xylene, Ethyl cyclopentane, and Methyl ben-
zothiophene were considered to represent three classes of impurities, including aromatics, non-aromatics, and sulfur-
compounds, respectively. Statistical design of experiment using response surface methodology was applied for the
quantification of the data acquired in pilot scale using impure Toluene model. Results showed that the concentration of
2-Nitro-4-isocyanatotoluene impurity in toluene diisocyanate and density of foam increased by 470% and 42%, respec-
tively, for the examined rate of toluene impurity. Moreover, SEM graphs revealed that cell size and number of closed-
cells decreased by ~55%, producing more open cells. Ethyl cyclopentane had the most effect (74.4%) on density among
the variables investigated. Subsequently, an activated carbon-based adsorptive process was implemented in laboratory
batch mode at 20+1 °C to achieve an appropriate level of impurity in industrial-grade toluene. The simultaneous-com-
petitive adsorption of three classes of described impurities was carried out and the highest adsorption capacity of 7.3,
474, and 161.5 mg/g was achieved for aromatics, non-aromatics, and sulfur compounds, respectively. The Langmuir
isotherm model exhibits satisfactory equilibrium data for non-aromatics and sulfur compounds and for aromatics the
Freundlich was the best one.
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INTRODUCTION

Rigid polyurethane foam (PUF) is one of the most valuable com-
mercial foams with a high compression resistance to mass ratio [1-
3]. Because of high thermal resistivity and low density, it was used
industrially to insulate ships, LNG cargos, refrigerators, containers,
tanks, and pipes. One of the key factors regulating morphological,
mechanical, and thermal properties of PUF is apparent density [4,5].
PU monomer is synthesized from a mixture of polyol and isocya-
nate where an exothermic reaction is happening between the func-
tional groups of isocyanate (-N=C=0) and hydroxyl [6,7],

n(Risa_ NCO) +n(Rpolyol_ OH)_)n(Riso_ NH-COO- Rpolyal)

_)(_ Risa_ NH-COO- Rpolyal_)n (1)

where Ry, and R, were derived from the isocyanate and polyol
monomer, respectively.

Its spongy property is associated with the simultaneous hybrid-
ization of aforementioned polymerization reaction and isocyanate-
water (most widely used blowing agent) expansion reaction as fol-

lows [8,9]:
2(R,,—NCO)+H,0—R;,—NH-CO-HN-R,,+CO, )

The type and quantity of the isocyanate used are the key factors
in that way more isocyanate mass ratio leads to more hard seg-
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ments and more rigid PUF [10]. Toluene diisocyanate (TDI) is the
most commonly form for the synthesis rigid PUF of high glass tran-
sition and tensile strength [11-13]. 2,4- and 2,6-TDI isomers (mass
ratio: 80/20) are industrially produced by nitration of toluene in sulfu-
ric acid medium to dinitrotoluene (DNT), then by catalytic reduc-
tion to toluenediamine followed by conversion of amino groups to
isocyanates via phosgenation reaction [14].
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Several studies were conducted to establish the influence of den-
sity on rigid PUF characteristics. Density variability was shown to be
associated with the cell size and cell-wall thickness affecting water
absorption and thermal conductivity [15-17]. The TDI impurity is
a key factor affecting the PUF density. Toluene, as a raw material
for TDI production, is obtained by catalytic naphtha reformation fol-
lowed by fractionation operations. In its industrial grade, some kinds
of undesirable impurities (C,-C, cyclic hydrocarbons) can occur such
as aromatic compounds (mainly xylene), non-aromatics compounds
(mainly ethyl cyclopentane), and sulfur compounds (mainly methyl
benzothiophene) [18]. The adsorption of these impurities on palla-
dium chloride hampers the normal function of hydrogenation cat-
alyst and leads to a decrease in DNT to toluenediamine conversion
[19]. The reaction of unreacted DNT in phosgenation reactor results
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in formation of 2-Nitro-4-isocyanatotoluene (CsHgN,O;) as a main
impurity of TDI in commercial plant. The formation of other minor
impurity such as alkyl hydrogen sulphates (-CH,OSO;H) is also
observed due to toluene impurities.

Karoon Petrochemical Company is a pioneer in TDI production
in Iran and even in the Middle East. The toluene feed often con-
tains three classes of impurities: aromatics of maximum 100 ppm,
non-aromatics of maximum 200 ppm, and sulfur compounds of
maximum 300 ppm under the worst conditions. However, a non-
aromatics content of maximum 200 ppm is unavoidable as a single
impurity under normal conditions. In addition, the research on the
sorption of coexisting aromatic, non-aromatic, and sulfur impuri-
ties from organic solvents is very scarce and has not yet been inves-
tigated to the best of the knowledge of the authors.

Therefore, the effects of the aforementioned impurities on the
concentration of 2-Nitro-4-isocyanatotoluene (NIC) in TDI and
subsequent PUF density were examined in the first part of the ex-
periments. For this reason, a model mixture of three impurities in
pure toluene was prepared and fed in pilot plant. Response surface
methodology based on central composite design (RSM-CCD) was
applied to reduce the use of chemicals and the number of test runs.
The goal of the second part of experiments was to study the kinetic
and thermodynamic of impurities adsorption from toluene as an
organic phase with activated carbon (AC).

EXPERIMENTAL

1. Materials
All reagents including Xylene (purity >98.5%), ethylcyclopentane

Nitration 7
reactor

Phosgene inlet
—

Table 1. Levels of impurities concentration (mg/L)

Actual and coded level
Factors Symbol
-2 -1 0 +1 +2
Xylene X 37 48 64 80 91
Ethyl cyclopentane X, 19 50 95 140 170

Methyl benzothiophene X 35 8 157 230 280

(purity 97%), methyl benzothiophene (purity 96%), Nitric acid (purity
>90%), sulfuric acid (purity 95.5-96.5 %), palladium (II) chloride
(purity 99%), 1,4-Butanediol (purity 99%), and N,N,N;N"N" pen-
tamethyl diethylene triamine (PMDETA) of purity 99% were
obtained from Sigma Aldrich, Germany. Polyol (Daltolac R 180,
Sucrose-based polyether polyol) of following characteristic was ob-
tained from Huntsman co,, Thailand (hydroxyl value: 440 mgKOH/g,
functionality: 4.3, specific gravity: 1.1 and viscosity 5,500 cP at 25 °C).
2. Pilot Plant

The first part of the experiments focused on investigating the
effect of toluene feed impurities as independent variables (X;) on
the concentration of NIC in TDI (Y,) and the quality of PUF by
measuring density as the response variable (Y,). The impure form
of toluene was made with xylene, ethyl cyclopentane, and methyl
benzothiophene. Table 1 illustrates the coded and actual levels of
variables. The levels of variables were chosen according to the low-
est (good) and the highest (worst) impurity content of industrial
grade toluene feed.

Impure toluene feed was converted to TDI in pilot plant com-
prising units of nitration (Fig. 1(a)), hydrogenation (Fig. 1(b)), and

TG -
MTD to Phosgenation unit
Hydrogen —_—

inlet - 4'L

Hydrogenation

“.?
Hot o 1 outlet |
—_—— ]

(¢) Phosgenation reactor

Fig. 1. Pilot plant of TDI production.
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phosgenation (Fig. 1(c)), all owned by Karoon Petrochemical Co.,
Iran. Toluene and concentrated nitric acid (64%) were mixed in the
nitration reactor (capacity: 210 L, perfluoroalkoxy alkane) equipped
with a mixer at room temperature. Concentrated sulfuric acid was
then gradually added to the mixture in 15 min. The mixture was
washed with distilled water after 15min of reaction, in order to
obtain DNT. The hydrogenation reactor (capacity: 1L, stainless steel)
was filled with the palladium (II) chloride (catalyst) slurry and DNT
solution before the hydrogenation process was started. Hydrogen
gas was supplied from a high-pressure cylinder, passed via a mass
flow controller and introduced into the hydrogenation reactor at
3 bar and 120 °C equipped with hot oil circulation system. After the
purification steps (not discussed), the formed MTD and phosgene
reacted at 160 °C in benzene as an inert solvent within 26 L reactor
(inconel) to form intermediate carbamoyl chloride. Afterwards, the
reaction temperature was increased to ~175 °C to form TDI from
the intermediate product. Eventually, distillation and evaporation
processes purified the synthesized TDI and finally it was sent to
the storage vessel for further use. However, among the other impuri-
ties, the NIC remained in the product that was not separated by
conventional distillation. The concentration of NIC in TDI was
measured by gas chromatography GC/MSeMS (Agilent 7,890B
MSD 7,000C, Germany) and the NCO content of TDI samples was
determined according to the Chinese standard HG-T2409-1992 [20].
3. Foam Preparation

PUF samples were prepared from TDI in batch scale. They were
synthesized by one-step and free-rising method, which the reactants
(according to Table 2) were poured into an open mold to produce
free-rise foam. Required quantities of polyol, catalysts, 1,4-Butane-
diol, and distilled water (blowing agent) were mixed using a mechan-
ical stirrer at 2,200 rpm for 60 s. Then, TDI was easily added to the
mixture and stirred at the same rotation speed for about 7-10s.
The mixture had been poured into a mold and allowed the foam
to rise and sit for one day at ambient temperature. The apparent den-
sity of the sample with the size of 30x30x30 mm was determined
according to ASTM D1622 method [21]. In each run, five meas-
urements were performed and the mean value was reported. An
air pycnometer measured the closed cell content of 20 mm cubic
foam in size according to ASTM D2850-15 [22]. The chemical com-
position of PUF involving polyol, catalyst, and blowing agent was
kept constant in all samples except for TDI impurity. Moreover, as
density is the main variable controlling most of the mechanical prop-
erties of foam, the others such as hardness, tensile strength, elonga-
tion, compression set, resilience, tear strength, and shrinkage were
not tested in this work.
4. Multicomponent Adsorption

practical conditions) was subjected to a batch-mode adsorption cycle
on AC. All impurities were classified into three key groups, includ-
ing aromatics, non-aromatics, and sulfur compounds, as there is
not enough knowledge about the exact chemical compositions of
each category in toluene feedstock. Moreover, the GC method of
analysis is able to identify only the class of impurities in real feed.
Therefore, 500 mL of impure toluene was poured in the jacketed
Pyrex chamber at a desired constant temperature at each experimen-
tal phase. Then, one-gram AC was added to liquid. The solution
was stirred continuously at a constant stirring rate (500 rpm) and
under temperature-controlled system (Aqualytic, Germany). A lig-
uid sample (5mL) was taken for further analysis after every 3h
(assuming reaching equilibrium condition upon the preliminary
experiments) and another one-gram AC was added to the suspen-
sion for the next 3 h. This procedure was followed until a cumula-
tive period of 15 h in which 5 g AC was added to the mixture. The
collected liquid sample was filtered and subjected to analysis. The
initial and final concentration of the impurities was measured by
gas chromatography. Diahope AC (Mitsubishi Kasei, Japan) with
microporous structure (pore volume: 0.7 mL/g, average pore diam-
eter. 1.2 nm and BET surface area: 1,150 m’/g) was employed in the
adsorption process. The adsorption capacity was determined from
the following equation:
C,-C)-V

q.= m “)

where m (g), V (L), C, and C, (mg/L) are mass of adsorbent (AC),
volume of solution, and initial and equilibrium concentrations of
impurities, respectively.

To evaluate the rate of the non-aromatics adsorption on solid sur-
face, two kinetic models were used. The pseudo-first-order model
is described as:

Ln (g—q)=Ln gkt ®)
and the pseudo-second-order model:

L. S ©)

U kg
where k; (1/min) and k, (g/mg min) are the constants of adsorp-
tion rate.

Moreover, two sorption isotherms were examined involving non-
linear form of Langmuir model (Eq. (7)), assuming that adsorption
can only occur at a finite number of different sites with monolayer
thickness, and Freundlich model (Eq. (8)) characterizing the non-
ideal and reversible multilayer adsorption.

In the second part of experimental studies, an industrial-grade _4.KC, )
Toluene with the highest initial concentration of impurities (worst ey K;C,
Table 2. Chemical compositions of rigid polyurethane foam (PUF)
Precursor Polyol PMDETA Distilled water 1,4-Butanediol" TDI
phr’ 100 0.5 2.65 100 115

"Represents as parts per hundred of polyols by weight
"Chain extender
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1/n

.=K;C, ®)

where K; (L/mg), q, (mg/g) and q,, (mg/g) represent, respectively,
the energy/net enthalpy of the adsorption, the equilibrium, and maxi-
mum adsorption capacity, and “n” and K (L" mg""/g) are the Fre-
undlich constants representing favorability and capacity of adsorption,
respectively.

The change in Gibbs free energy of the adsorption phenome-

non is defined by the following relation:

AG’=—RT InK,,

where K, (q./C,) is the equilibrium constant.

©)
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The differences in thermodynamic parameters, ie., standard
entropy (AS’) and enthalpy (AH") indicating the spontaneity and
heat change of the adsorption phenomenon, can be determined from
the intercept and slope of the van't Hoft equation, respectively.

(10)

RESULTS AND DISCUSSION

1. Effect of Toluene Impurities on TDI and PUF
RSM with CCD was applied with six replications at central point

Table 3. Design of experiment along with independent and response variables

Independent variables, X;

Response variables, Y;

I:(l)n Concentration of impurities (mg/L) Concentration of NIC (mg/L) Density of PUF (kg/m’)
Xylene Ethyl cyclopentane Methyl benzothiophene Actual Predicted Actual Predicted
1 -1 -1 -1 19.2 17.054 26.920 27.378
2 1 -1 -1 29.0 28.079 28.104 28.460
3 -1 1 -1 61.8 61.954 33.490 33.408
4 1 1 -1 71.5 72.979 34.674 34.490
5 -1 -1 1 41.7 41.129 30.545 30.686
6 1 -1 1 46.5 52.154 31.729 31.768
7 -1 1 1 89.1 86.029 37.115 36.716
8 1 1 1 109.4 97.054 38.299 37.798
9 -2 0 0 45.2 43.207 31.598 31.506
10 2 0 0 67.0 65.257 33.559 33.670
11 0 -2 0 23.1 20.621 27.049 26.558
12 0 2 0 105 110421 38.028 38.618
13 0 0 -2 35.6 30.157 29.547 29.280
14 0 0 2 79.3 78.307 35.528 35.896
15 0 0 0 51.3 54.232 32.590 32.588
16 0 0 0 52.1 54232 32.597 32.588
17 0 0 0 49.0 54232 32.586 32.588
18 0 0 0 55.7 54.232 32.604 32.588
19 0 0 0 50.0 54.232 32.600 32.588
20 0 0 0 48.3 54.232 32.595 32.588
Table 4. Analysis of variance for the response functions
DF Adj SS Adj MS F-value p-Value
Source
Y, Y, Y, Y, Y, Y, Y, Y, Y, Y,
Model 4 3 11,085.3 193.881 2,771.32 64.627 112.13 635.98 <0.0001 <0.0001
Linear 3 3 10,868.7 193.881 3,622.89 64.627 146.58 635.98 <0.0001 <0.0001
X, 1 1 486.2 4.685 486.20 4.685 19.67 46.10 0.002 <0.0001
X, 1 1 8,064.0 145.432 8,064.04 145.432 326.28 1,431.15 <0.0001 <0.0001
X5 1 1 2,3184 43.765 2,318.42 43.765 93.80 430.68 <0.0001 <0.0001
X; 1 216.6 216.62 8.76 0.01
Error 15 16 370.7 1.626 24.72 0.102
Lack-of-fit 10 11 335.1 1.626 33.51 0.148 4.70 3,431.64 0.051 0.000
Pure error 5 5 35.7 0.000 7.13 0.000
Total 19 19

X,: Xylene concentration, X,: Ethyl cyclopentane concentration, X,: Methyl benzothiophene concentration
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X, X,

Ethyl cyclopentane

70.399 clopentane
ot ; 74.39%
X,
Methyl
benzothiophene
"" IR0,

.28%

Xs
Methyl
benzo

X;: Xylene: 4.28% X X, X;: Xylene: 2.49%

(a) Concentration of NIC in TDI (b) Density of PUF
Fig. 2. The order of magnitude and the impact of independent variables on response functions.

i
1.00mm

(¢) density: 38.299 kg/m’ (Run # 8)

Fig. 3. Macrographs and SEM micrographs of foams produced from toluene feed.
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to study the effects of independent variables on response variables
[23]. A three-factor experimental design with 20 runs was employed
and the concentration of NIC in TDI (Y,) and the density of PUF
sample (Y,) associated with predicted values was reported (Table
3). The experimental values of Y, and Y, varied in range of 19.2-
109.4 mg/L and 26.920-38.299 kg/m’, respectively; for all runs and
the maximum number of porous sites within foam were produced
at the lowest concentration of impurities (optimal conditions) and
consequently the minimum density was achieved.

Statistical analysis using ANOVA (Table 4) revealed that single
factors, ie., ethyl cyclopentane, methyl benzothiophene, and xylene
concentration with p-values of less than 0.0001 and quadratic term
of Ethyl cyclopentane concentration with p-value of 0.01 were the
most significant ones for concentration of NIC (Y,). The ethyl
cyclopentane, methyl benzothiophene, and xylene were also the
most significant ones with p-values of less than 0.0001, whereas all
quadratic terms and binary interactions were not significant for
density (Y,). The regression coefficient (R’) values of the statistical
data and predicted one were 96.76 and 92.30% for Y, and 99.17
and 98.14% for Y, which were in reasonable agreement with the
adjusted R” (95.90% for Y, and 99.01% for Y,). Moreover, the lack
of fit value for the statistical data was insignificant, which suggested
the accuracy of the data. To determine the adequacy of the data,
turther statistical analysis was carried out. The residuals have located
very closed the normality line, approving the residuals to be nor-
mal (Figures not included).

The most significant factor affecting both the concentration of
NIC in TDI and the density of PUF was the concentration of ethyl
cyclopentane (representing non-aromatics class of impurities) by
70.39% and 74.39% contribution, respectively. Ethyl cyclopentane
is thought to have been adsorbed by electrostatic forces on cata-
lytic support, where its molecular structure and weight play a key
role and cause further adsorption on the catalyst substrate. Unre-
acted DNT in the phosgenation reactor forms NIC as a result of
the deactivation. The Pareto chart (Fig. 2) displays the order of factor
importance for both responses as follows:

Ethyl cyclopentane>Methyl benzothiophene>Xylene

Regression equations for predicting the Y, and Y, were deter-
mined as follows according to the significant coded variables:

Y, (mg/L)=54.23+551 X, +22.45 X,+12.04 X,+2.822 X’ (11)
Y, (kg/m’)=32.588+0.541 X,+3.015 X,+1.654 X, (12)

Fig. 3 shows the macroscopic and SEM morphology of the PUF
samples prepared in experimental runs 1, 3, and 8. The develop-
ment of cracks and holes (seen by the naked eye) resulted in foam
fracture and increased density as a consequence [24]. The size of
the cells, cell size distribution, and structure thickness were com-
parable for all three foams examined. In addition to rigidity, the
cellular structures of the polymer matrix influenced physical char-
acteristics of foams [25,26]. Uniform well-defined cells with thin-
ner walls associated with full-structural bonding for low-density
PUF corresponding to the lower impurity concentration were ob-
served (Fig. 3(a)). Increased impurities in Toluene led to increase
in NIC content of TDI and density of PUF because of irregular shape
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water sorpri.i*m (wit%)
| |
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=
S

(94) U202 [[32 pasopd

150 30
45
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X NCO: 46.7-47.2 %
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=
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: _ NCOJ/OH: 1.0-1.10
5 304 NCO: 47.2-47.8 %
= 2
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. ___
"~ NCO: 47.8-48.2 %
25 T . L T L T
0 20 40 60 80 100 120

NIC concentration (mg/L)
Fig. 4. Effect of TDI impurity on characteristics of PUE

and breakage in cells (Fig. 3(b)). The cells were much smaller, thicker
in walls, and non-uniform/broken in shape for PUF sample of rel-
atively highest density (Fig. 3(c)). The cell size ranged from 154 to
667 um for the low-level, 225 to 436 um for the middle-level, and
97.7 to 271 pm for the high-level of impurities concentration. The
average PUF cell size decreased approximately 55% with the con-
centration of impurities increased by 114% for the investigated
concentration range. This reduction in cell size had a notable effect
on thermo-mechanical characteristics of rigid PUF [27].

Fig. 4 demonstrates the relationship between NIC concentration
in TDI (Y,) and characteristics of synthesized PUFs. The meas-
ured densiy (Y,) was almost laid down along the diagonal line,
suggesting a linear relationship between both responses. The NCO
content and NCO/OH mole ratio of samples decreased with con-
centration of NIC in TDI affecting the crosslink density and the
rigidity of the PU network [28]. Higher content of NCOs results in
a tightly crosslinked structure and leads to stronger bond strength.
This strength of bonding also correlates with hydrogen bonding in
the PU network. PUs are extensively hydrogen-bonded, with the
proton donor coming from the -NH- group of the urethane link-
age. The acceptor of hydrogen bonds may be in either in the hard
segment (the carbonyl of the urethane group) or in the soft segment
(an ester carbonyl or ester oxygen). Therefore, the extent of hydro-
gen bonding between C=0 and N-H increased with the NCO/
OH ratio.

Korean J. Chem. Eng.(Vol. 38, No. 1)
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Water sorption of the PUFs was also determined for some selected
samples at 25 °C. It decreased with NCO content of sample. This
can be attributed to water penetration during the short phase of
curing PUF foams, which results in micro-void formation. An im-
perfect interfacial bonding between the two phases resulted in a
higher degree of micro-voids, and consequently more water was
absorbed.

The mean cell diameter was also calculated using “Inage]” soft-
ware from the SEM photographs. Owing to the rise in Toluene im-
purity and consequently the concentration of NIC in TD], inter-
fering with the cross-linking process of PUE the number of non-
full-structural bonding cells increased and subsequently increased
the number of blind cells, resulting in a decrease in porosity and a
rise in density associated with small cells.

The reaction between polyol and an excess amount of diisocya-
nate yielded a polyurethane prepolymer of NCO end-groups that
turther reacted with another polyol as a chain extender or crosslink-
ing agent [29]. When the polyurethane was being developed, it orga-
nized into a chain link which was assembled by physical crosslinking
(hydrogen bonding) between the hydrogen of the secondary amine
group and the oxygen of carbonyl group. The density could be esti-
mated from the lengths of proper polyurethane chains, where fur-
ther crosslinking helped to form lower density. Linked networks of
polymer struts and cell walls incorporated void spaces with cap-
tured air resulting in low density, high porosity/crushability, and
strong potential for absorption capacity [24]. The NCO/OH ratio
specifies the prepolymer’s molecular weight and consequently the
relative proportion of the urethane and urea groups in the final

polymer chain. The final properties of polymer depend primarily
on the chemical nature of the polymer building blocks, the NCO/
OH ratio and the reaction sequence. NIC’s low reactivity towards
polyol also intensifies the reduction of the NCO content of impure
TDI samples. The NCO groups’ reactivity is enhanced by the pres-
ence of electron-with drawing groups. In general, increasing the
TDI/polyol ratio during foaming process relieves the drawback of
impurities. This approach does not, however, lead to high-quality
foam and is not cost-effective either. The resulting short urethane
chain was terminated with NCO when an excess quantity of TDI
(more than stoichiometry) was used, and the hard segment forma-
tion suitable for proper chain extension could not be achieved.

Highest crosslinking took place when using the lowest concen-
tration of impurities in TDI (Fig. 5). NIC impurities made a ther-
modynamic immiscibility and tension between the hard and soft
segments and eventually contributed to separation of micro-phase.
They interfered with the cross-linking process, broke and disor-
dered the soft and hard segment chain during polymerization and
led to crack weakens the structure’s capacity as well as to increase
polyurethane density that were undesirable issues. Moreover, the
presence of OCN-R-NCO with two active side at the end led to a
long polymer chain of highest crosslinking, whereas the presence
of NIC (NO,-R-NCO) with one active side at the end led to short
polymer chain of lowest crosslinking [30].

In conclusion, Toluene impurities, as the source impurities, left
a direct and indirect destructive effect on the PUF quality meas-
ured by density. Given the circumstances, it was extremely neces-
sary in terms of quality and economics to maintain these impuri-

Chain extender agent R,

.ﬁ-lrm |° —o— I o_._o_"'_ﬁ_._}_
0 3 [ -
- e T el

low density (longest chains)

EssEm Hydl‘ogen bondlﬂg

high density (shortest chains)

Soft segment

mmm Hard segment

Fig. 5. Mechanistic effect of impure TDI on cross-linking process in PUF matrix.
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Fig. 6. Adsorption isotherms of aromatic, non-aromatic, and sulfur

compounds on AC (dose: 1 to 5 g) at 20 °C (dash line: Freun-
dlich, solid line: Langmuir).

ties at the lowest possible concentration. To accomplish this matter,
the AC adsorption was suggested to be applied.
2. Adsorption Kinetics and Thermodynamics

AC is currently one of the most commonly used and promising
adsorbents for the selective removal of sulfur compounds at rela-
tively low temperature because of high surface area with weak polar-
ity and uniform pore size distribution [31]. Some publications are
available on the adsorption of organic molecules on AC from gas
phase [32] and from aqueous phase [33]; however, studies on re-
moval of these molecules from organic-liquid phase are quite lim-
ited [34]. AC is also considered to be the most common, effective,
and practical solid adsorbent in this area.

The absorption experiments were applied to a selected indus-
trial-grade toluene sample (Karoon Petrochemical Co.) with high
impurities containing aromatics (96 mg-L™'), non-aromatics (187
mg/L), and sulfur compounds (294 mg/L). Fig. 6 illustrates the ad-
sorption capacity of AC for individual adsorbate during competi-
tive adsorption from toluene at 20+1 °C and after 3 h. The final con-
centration of aromatic, non-aromatic, and sulfur compounds reached
58.1, 17.0, and 34.8 mg/L, respectively, after an adsorption cycle
with 5g AC.

Aromatics adsorption capacity was found to be lower than other

Table 5. Adsorption isotherms for removal of impurities from toluene

compounds due to the similarity between the chemical structure
of the toluene as the solvent and adsorbate molecules. In organic
(aromatic) solvents, the affinity of aromatic hydrocarbons towards
AC established a contest between solvent and adsorbate molecules
and reduced the adsorption of both [32]. The molecular weight,
concentration, dynamic diameter, and vapor pressure of adsorbate
also affect the adsorption capacity of the adsorbent to a given pore
diameter distribution. The adsorption of organic compounds on
AC is principally physical depending on the electrostatic (van der
‘Waals) force between them. Toluene and other aromatics can form
77 attraction between selectrons of benzene rings and active
sites of AC. The adsorption capacity increased with an increase in
adsorbate molecular weight at equivalent concentrations of adsor-
bate. Moreover, if the pore diameter of adsorbent is far greater than
the diameter of adsorbate, the pore functions as a channel and the
adsorption capacity is low [35]. Therefore, a single ring aromatic
compound of toluene or xylene cannot be adsorbed as much as
large-molecules such as two-ring or possible polycyclic aromatic
hydrocarbons formed during TDI synthesis [31]. It is noted that in
impure toluene, a majority of one-ring aromatic compounds do
not interfere with the adsorption of other compounds, including
nonaromatic and sulfur compounds.

The non-aromatics sorption on AC is a complex phenomenon
because of the non-aromatics molecular structure and the AC’s
energetically heterogeneous character. The active sites of various
adsorptive powers might be spread over the solid surface. Hence,
this process involves sophisticated interactions among the solvent,
the adsorbent, and the adsorbate. Relatively high affinity of aromatic
solvents for AC prevents other organics adsorption such as nonar-
omatic and sulfur compounds, and is entirely different from adsorp-
tion of organics from low affinity polar solvents for AC. Moreover,
the dielectric constant slightly decreases from aromatic to nonaro-
matic hydrocarbons.

The adsorption capacity for sulfur compound was the highest
among the organic impurities tested. It can be quickly adsorbed
from liquid phase to the AC surface. A reduction in the number
of aromatic rings in sulfur compounds induced a reduction in the
quantity of adsorption because of a decrease in molecular weight
and molecule size [34,35].

Table 5 summarizes the values of corresponding isotherm param-
eters. The R values indicate that the Langmuir model (monolayer
coverage) is in strong agreement with experimental data for non-

Model Simultaneous multicomponent adsorption (20 °C) Single non-aromatic adsorption
parameters Aromatics Non-aromatics Sulfur compounds 10°C 20°C 30°C
Langmuir

Qm 11,275 47.388 161.455 64.97 58.82 56.01

K, 7.8x107¢ 0.038 0.006 0.010 0.015 0.031

R 0.688 0.967 0.979 0.982 0.982 0.975
Freundlich

K; 2.8x1077 6.133 2436 6.346 3.598 2.233

1/n 4.061 0.401 0.698 0417 0.491 0.577

R? 0.989 0.913 0.961 0.998 0.962 0.965
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Fig. 7. Dynamics and thermodynamics of the non-aromatics adsorption (C,: 200 mg/L, AC dose: 5 g).

aromatics and sulfur compounds while the Freundlich one is the
best for aromatics.

Ethyl cyclopentane (representing non-aromatics compounds in
real feedstock) impurity, as shown earlier, was the most influential
factor and major impurity affecting PUF density. Given this fact,
the adsorption efficiency of non-aromatics compounds was inves-
tigated on AC at an initial concentration of 200 mg/L (industrial
grade) at various temperatures between 10 and 30°C. A prelimi-
nary test was also conducted at mean temperature of 20 °C using
different synthetic and natural zeolites, ie., 13X, 4X, 5X, natural
Clinoptilolite, and NaP-zeolite (Fig. 7) for comparison. The order of
magnitude for zeolitic adsorption capacity was: NaP>Clinotilolite>
5X>4X>13X. The adsorption capacity of mineral zeolites for non-
aromatics hydrocarbons was not more than haft of that for AC,
suggesting AC’s high potential for efficient organic impurity ad-
sorption. As demonstrated in Fig. 7, the adsorption capacity of AC
increased with temperature. The nature and thermodynamics of
adsorption depend on the system under consideration, ie., activa-
tion temperature and raw material used, which can be either exo-
thermic or endothermic. Weak van der Waals forces are involved
in physisorption, and it is beneficial at low temperatures or is exo-
thermic [36]. Increasing the temperature decreases the viscosity of
liquid and increases diffusion of adsorbate molecules within the
pores of sorbent and also enhances the adsorption/desorption rate
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[37,38]. It is suggested that the co-adsorption of toluene and non-
aromatic impurity occurs on the surface of AC, while rising tem-
perature has resulted in more non-aromatic adsorption.

The values of AH’, AS’ and AG’ were determined using the
thermodynamic fitting curve (Fig. 7(d)). The positive-low value of
heat of adsorption showed the endothermic nature of adsorption
and weak binding forces between the adsorbed molecules and the
AC surface. Positive-low value of Gibbs free energy changes sug-
gested that the adsorption process was not spontaneous and ther-
modynamically unfavorable and it was mainly controlled by the
physisorption. The positive AS’ of adsorption phenomenon indi-
cated an increase in randomness at the solid-liquid interface.

The kinetic data (Fig. 7(a)) were fitted to both kinetic models,
where there was a reasonable correlation between experimental data
and models (Figures not included). According to the obtained-high
correlation coefficient (R* 0.999), this confirmed that the adsorp-
tion kinetic follows a first-order model with k; (min): 0.0248, while
the rate constant for first-order kinetic model k, (g/mg-min) is
0.00115 (R*: 0.998). The much closed regression coefficients for both
models indicated that the first-order kinetic may also be applied,
since this case is not concerned with the adsorption of a pure-sin-
gle component.

Batch mode adsorption using AC led to toluene with an appro-
priate concentration of impurities for TDI synthesis. The proposed
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adsorption method for purifying industrial grade Toluene feed can
be applied practically on a large-scale and in continuous mode to
achieve a very low concentration of impurities. More work is
required to study the adsorption dynamics for scale-up purposes.

CONCLUSIONS

The undesirable effect of three organic impurities in model tol-
uene, namely xylene, ethyl cyclopentane, and methyl benzothio-
phene, was investigated on pilot-scale synthesis of toluene diiso-
cyanate and rigid polyurethane foam (PUF). They represent aro-
matic, non-aromatic and sulfur impurities class of organic impuri-
ties in industrial-grade toluene, respectively. Activated carbon was
successfully applied for simultaneous adsorption of mentioned
organic impurities and the following points were extracted from
this study:

- The size of the cells, cell-size distribution, and cell wall thick-
ness were affected and quantified by different doses of impurities.
As expected, lower impurities resulted in a more closed-cell struc-
ture with uniform cell sizes.

- Among the impurities studied, ethyl cyclopentane (non-aro-
matics class) and xylene (aromatic class) had the most and least
impact on foam density, respectively. A similar result was observed
for concentration of 2-Nitro-4-isocyanatotoluene in synthesized
toluene diisocyanate.

- Competitive adsorption of a real feed involving aromatic, non-
aromatic and sulfur classes of impurities showed that the order of
magnitude for maximum adsorption capacity was sulfur com-
pounds>non-aromatics>aromatics. Adsorption capacity increased
with molecular weight and size of molecule such that larger mole-
cules (non-aromatics and sulfur compounds) adsorbed more than
single ring aromatic molecules (toluene and xylene).

- The isotherm models for adsorption on activated carbon indi-
cated that the aromatics obey Freundlich isotherm and the non-
aromatics and sulfur compounds adopt Langmuir isotherm.
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NOMENCLUATURE

AC  :activated carbon

CCD : central composite design

C, :equilibrium concentration of impurities [mg/L]
C, :initial concentration of impurities [mg/L]

DAT :24-Diaminotoluene

DNT : 2,4-Dinitrotoluene

k,  :constant of adsorption rate [1/min]

k,  :constant of adsorption rate [g/mg-min]

K, :equilibrium constant (q./C,)

K; :Freundlich constant [L" mg""/g]

K, :netenthalpy of the adsorption [L/mg]

m  :mass of adsorbent [g]

n  :Freundlich constant

NIC :2-Nitro-4-isocyanatotoluene

PUF : polyurethane foam

q.  :equilibrium adsorption capacity [mg/g]

Q. :maximum adsorption capacity [mg/g]

q:  :amount of impurities adsorbed at any time [mg/g]
R :ideal gas constant [kJ/mol-K]

RSM : response surface methodology

SEM : scanning electron microscopy

t : time [min)]

T : temperature [K]

TDI :toluene diisocyanate

V  :volume of solution [L]

X,  :concentration of Xylene [mg/L]

X,  :concentration of Ethyl cyclopentane [mg/L]
X;  :concentration of Methyl benzothiophene [mg/L]
Y, :concentration of NIC in TDI [mg/L]

Y, :density of each PUF sample [kg/m’]

AH’ :standard enthalpy change [k]/mol]

AG’ :standard Gibbs free energy change [k]/mol]
AS’  :standard entropy change [kJ/mol-K]
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