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ABSTRACT: In this work, three triazine-type compounds were studied for their
solubilities in aqueous and saline environments. Using potentiometric titration and
gravimetric methods, the solubility of cyanuric acid (CA), 1,3,5-triacryloylhexahydro-
1,3,5-triazine (TR), and 1,3,5-tris(2-hydroxyethyl) cyanuric acid (IC) were studied
in aqueous NaCl solutions (0 to 0.226 molkg™'). From the solubility results,
Setschenow coeflicients, octanol/water partition coeflicients, activity coefficients, and
infinite dilution activity coefficients were determined. The trend of the solubility in
pure water was IC > TR > CA. The activity coefficient for CA increased
continuously throughout the studied salt range. TR and IC, on the other hand,
revealed a salting-in and salting-out effect based on the salt composition.

1. INTRODUCTION

Sour crudes, caused by high concentrations of hydrogen
sulfide, can cause harm to the environment and to humans.' ™
Hence, the removal of H,S from oil and gas streams has been a
priority, oftentimes a necessity, for upstream crude oil/gas
facilities for decades. However, advances in production, namely
horizontal drilling and hydraulic fracking, have produced oils
and natural gases that contain higher concentrations of H,S
than previously seen." These sour crudes must undergo
separation and/or conversion processes to lower the H,S
content prior to entering the midstream pipelines and railcars.
H,S scavengers can be categorized into two types: the
regenerative method (the absorption of H,S is reversible,
and the typical absorbent is often an alkanolamine due to the
presence of hydroxyl and amino groups, which are very suitable
for acid-gas scrubbing) and the nonregenerative method
(where the absorption process is irreversible, and the
scavengers can be oxidizing chemicals (ie., calcium ferrite),
metal carboxylates, chelates, aldehydes, ethers, and amines
such as triazines)."* Hence, one of the most widely used
processes is the use of active scavengers that react with H,S,
thereby incorporating the sulfur into a hydrocarbon molecule.
Triazine-based scavengers have become the most widely used
of the reactive-type scavengers.1 1,3,5-Hexahydrotriazine is the
most frequently used nonregenerative scavenger; however, its
byproducts are deleterious (i.e., fouling) to downstream
equipment (i.e, overhead condensers), which can make the
H,S extraction process expensive."”

Due to the downstream fouling issues, molecular adaptations
to the basic triazine molecule have been adopted in hopes that
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those byproducts would be benign to equipment fouling and
corrosion. Varying the side chains has the impact of making the
triazine scavenger more (or less) soluble in aqueous (or
nonpolar crudes). In addition, these side chains could be
tailored to be more active for sour gas, rather than sour liquid
crude, streams. Side-chain modifications lead to uncertainty of
the solubility, liquid/gas interactions, and possible byproduct
comphcatlons Because currently melamine has been studied
extensively,”~"* this work focuses on developing thermody-
namic parameters (i.e., solubility, scavenger/ion interactions,
etc.) and developing activity coefficient models for triazines
containing ethanolic, amino, and acrolein substituents such as
cyanuric acid (CA), 1,3,5-triacryloylhexahydro-1,3,5-triazine
(TR), and tris(2-hydroxyethyl)isocyanuric acid (IC) (Figure
1), which are three out of 14 most commonly used
nonregenerative H,S scavengers.1

2. THEORETICAL CONSIDERATIONS
The theory of determining solubility has been shown in

. 14,15 . . .
previous papers. Proton association or dissociation can be
seen in eq 1, where the H,S scavenger is represented as A.

A’ + H' = HA' (1)
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Figure 1. Scheme of (a) cyanuric acid, (b) 1,3,5-triacryloylhexahydro-1,3,5-triazine, and (c) tris(2-hydroxyethyl)isocyanuric acid.

Table 1. Sample Table

chemical name CAS# source

CA“ 108-80-5 Sigma-Aldrich
TR” 959-52-4 Sigma-Aldrich
IC® 839-90-7 Sigma-Aldrich
sodium chloride 7647-14-S Sigma-Aldrich
hydrochloric acid 7647-01-0 Sigma-Aldrich
potassium hydroxide 1310-58-3 Sigma-Aldrich
water in-house

initial mass fraction purity purification method final purity
0.99 none
0.98 none
0.98 none
0.99 none
0.37 none
0.85 none
4 18 MQ

“CA = 1,3,5-triazine-2,4,6-triol (or cyanuric acid). *TR = 1,3,5-triacryloylhexahydro-1,3,5-triazine “IC = tris(2-hydroxyethyl)isocyanuric acid.
Ay epill g S o L
Distillation and deionization system tested by in-line conductivity meter.

The total solubility of scavengers can be described as
S = [A] + [HAT] )

where S” is the total solubility and A” and HA" are the neutral
and protonated species of scavengers, respectively. The
literature®”'* has shown that the solubility of neutral species
depends on the salt concentration (for a 1:1 supporting
electrolyte, I & cyx where cyy is the NaCl concentration on a
molar scale), which leads to the following Setschenow
equations.:m_18
g0
logy = log > = kc

gY 8 SO c"MX (3)

0
logy = log —> = k,myx

So (4)
where ¥ and y are the activity coefficients expressed in molar
(¢) and molal (m) concentration scales, respectively. Sg and S,
are the solubilities of scavengers in DI water and NaCl
solutions at different salt concentrations, respectively. The
Setschenow coefficients are presented as k. (molar concen-
tration) and k,, (molal concentration). Eqs 3 and 4 are only
valid when the activity coeflicients are equal to unity and when
ST < 0.05 mol-L™". If the solubility is higher, the ligand self-
interaction must be considered. This study, however, does not
require this correction. The activity coeflicient is used to
quantitate the deviations from ideal behavior, which can be
calculated by Raoult’s law in a mixture of chemical substances.
Hence, if the activity coefficient is less than 1.0 (i.e., negative
deviation from Raoult’s law), the molecules have a strong
attractive force, and more energy is required to separate them.
This also means that the actual vapor pressure of the mixture is
less than that calculated by Raoult’s law. On the other hand,
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when the activity coefficient is greater than 1.0 (i.e., positive
deviation from Raoult’s law), the molecules have a strong
repelling force, and less energy would be required for
separation. When the activity coefficient equals 1.0, the
behavior of the chemical substance in the mixture is considered

ideal.

3. EXPERIMENTAL SECTION

Information regarding chemicals used in this study are
presented in Table 1. Potassium hydroxide and hydrochloric
acid solutions were prepared from concentrated purchased
solutions. An Orion 950 titrator was used to perform the
potentiometric titrations. Initial experiments were performed
using melamine (in similar salt concentration ranges), a well-
studied system to validate the technique and instrument
performance. Initially, the gravimetric method was used to
determine the solubility of scavengers in water without salt
(ie, 18 MQ DI water). The solubilities of TR and CA in
saltwater were determined using the potentiometric method.
For IC, the initial solubility measurements (i.e., without salt)
yielded relatively large values.

To calibrate the titrator, a known mass of material was
dissolved in a known concentration of salt solution. Then, 0.1
M HCl or KOH was used as the titrant. The titrator’s
parameter for molecular weight of the sample was set at
129.07. Calibration of the titrator was performed by adjusting
the reaction ratio and the titrant until the instrument yielded
the known concentration of cyanuric acid in the salt solution.
The same trial and error method was used for all three
absorbents. The same reaction ratio and titrant were then used
when analyzing the absorbent concentrations in the various salt
concentrations. The solubility of the known concentration of
melamine (M), CA, and TR was used to determine the

https://dx.doi.org/10.1021/acs.jced.9b00898
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parameters of the potentiometric titrator. As shown in Table 2, 035
the instrument provided solubilities similar to those of the
known concentrations. 031
Table 2. Quality Assurance/Quality Control for Titrator 025 1
solubility” (g kg™) 02 4
-
mass of E"
analyte V.. (mL) NaCl (g) known conc. avg. measured (titrator) 0.15 4
M* 700 5.86 1.033 1214 + 0.034
CA 580 10.03 1.033 0.987 + 0.024 0.1 |
TR 500 3.79 1.108 1.136 + 0.264
“Solubilities are given as g of solute per kg of water. “Melamine. 0.05 1
0 : . : . :
0 0.05 0.1 0.15 02 025

When the solubility of IC (with salt) was measured using the
potentiometric method, the concentrations were outside the
detection limits of the instrument. Therefore, the solubility of
IC in saltwater was determined gravimetrically. The gravi-
metric method should not be applied for TR and CA because
the solid contains NaCl and scavengers. Hence, the
potentiometric titration method gives more accurate results
when considering the low concentration values. However, the
mass of IC when saturated in salt solution is much greater than
the mass of NaCl in the solution. Therefore, the mass of NaCl
becomes negligible. To decrease the error associated with the
mass of the salt in the solution, the mass was subtracted
according to the concentration of the salt in the original
sample. All experiments were performed in triplicate, and the
error bars indicate one standard deviation.

4. RESULTS AND DISCUSSION

4.1. Development of Setschenow Coefficients and
Activity Coefficients. As shown in Table 3, the solubility of
CA in water decreased with increased salt concentrations. With
no salt, the measured solubility was 2.12 + 0.063 g-L_l, which
is in good agreement with previously published results.”*’
The solubility decreased with increased salt concentrations in
the range of 0.073 to 0.226 molkg ' of salt. The salt
concentration range and increments were determined at a
lower range (<0.3 molkg™ of salt) since other literature
sources”'*'™** provided solubility data at a very high salt
concentration. A graph of log y versus [NaCl] (Figure 2) was
shown to be nonlinear; therefore, eq 5 and a least-squares
analysis were used to determine the Setschenow coefficient

(keum)-

Concentration of NaCl (mol'kg?)

Figure 2. Log of the activity coefficient, y, versus the salt content at T
= 298.15 K for cyanuric acid. Error bars represent 1o.

k

¢m0

k

c,mco

omy + 1 (5)
where k.o, and k¢ are the relative values at ¢,my — o0 and
cmyyx — 0, respectively.

Similarly, the activity coefficient versus salt concentration
graphs for TR and IC were used to determine the Setschenow
coefficients (Figure 3). Both of these scavengers, however,
exhibited a phenomenon known as “salting in” and “salting
out”, where a compound’s affinity for a solvent is dependent
upon the salt content. In this case, the scavengers could toggle
between hydrophilic to hydrophobic. The calculated Setsche-
now coefficients are shown in Table 4. The positive and
negative signs of the Setschenow coeflicients represent the
salting-out and salting-in effect, respectively.

As compared in Figures 1 and 3, the trend for the CA
activity coeflicients in NaCl is different than TR. However, the
trend for TR is quite similar to IC. When the salt
concentration is ~0.16 molkg™', the log y for CA and IC is
~0.15. When the salt concentration is <0.16 mol'kg_l, IC
deviates from the ideal behavior less than CA. When the salt
concentration is >0.16 molkg™!, IC deviates from ideal
behavior more than CA. When the salt concentration is
between 0.112 and 0.220 mol-kg™", only TR deviates positively
from the ideal behavior. However, for salt concentrations at
0.112 and 0.220 mol-kg™", TR’s activity coefficient is 1.04 and
1.02, respectively, which can be considered ideal. As the salt

Table 3. Average Experimental Solubilities (and Standard Uncertainties) of Tested Triazines in Water for Different NaCl
Concentrations at Temperature T = 298.15 K and Pressure p = 0.1 MPa“

CA TR I1C
[NaCl]* (molkg™) solubility” (gkg™") [NaCl] (molkg™) solubility (gkg™) [NaCl] (mol-kg™) solubility (g'kg™)

0 2.121 + 0.063 0 9.771 + 0.030 0 961.5 + 20.7

0.073 1.869 + 0.101 0.025 7.189 + 1.346 0.038 646.8 + 26.0

0.114 1.685 + 0.158 0.081 0.546 + 0.213 0.091 555.6 £ 7.9

0.143 1.558 + 0.032 0.112 0.888 + 0.071 0.109 592.8 + 22.3

0.181 1.483 + 0.185 0.144 2.339 + 0.352 0.149 663.8 + 22.5

0.226 1.125 + 0.143 0.184 2.009 + 0.27§ 0.185 6782 + 21.0
0.220 0.939 + 0.205 0.222 661.8 + 8.5

“Standard uncertainties u are u(T) = 0.5 K and u(m) = 0.0001 mg-kg™". The relative standard uncertainty for pressure is u,(p) = 0.05. bSolubilities

are given as g of solute kg’1 of water.
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Figure 3. Log of the activity coefficient, y, versus the salt content at T = 298.15 K for IC (left) and TR (right). Error bars represent lo.

Table 4. Setschenow coefficients of CA, TR, and IC

coo?

kc (mOI'L_l) km (mOI.kg_l) chI kmO kmco
CA 0.86 +0.17 0.85 + 0.17 0.56, 3.37,
0.56 3.35
TR 1579 + 171, 1575 + 171,
—9.70 + 4.59, —9.67 + 4.59,
422 + 0.36 421 £ 0.36
I1C 2.62 + 0.067, 2.60 + 0.067,
—1.87 + 0.62, —1.87 + 0.63,
0.88 + 0.15 0.87 + 0.1S

concentration increased from 0 to 0.225 mol-kg™', TR deviates
from ideal behavior much less than either IC or CA. When the
salt concentration is >0.15 mol-kg™!, the logarithm of the
activity coefficient of IC has an average value of 0.158 + 0.005.

According to Sugunan et al. (1995), the salting-out effect,
which has positive Setschenow coefficients (ie., solubility
decreases as the salt concentration increases), occurs because
the entry of the scavenger’s molecule is obstructed by the small
rigid, hiﬁhly charged ions."" Moreover, the electronic
repulsion’ ">* and enhancement of the hydrophobic effect”> >’
of these high-charge-density anions (Cl7) can cause the
salting-out effect. At the solute—water interface, to minimize
the entropic penalty associated with the highly ordered
structure, solute aggre(gation is caused by the hydrophobic
effect in pure water.”’ On the other hand, Bockris et al.
(1951)*" and Long-McDevit (1952)"? stated that the salting-in
effect is caused by dispersion forces between the ions and a
neutral solute and solvent molecules. As shown in Table 4, the
value of the Setschenow coefficient, on a molar scale, is similar
to that in molality because molality equals ny,c1/(Pyater X
Viater), Which approximately equals fiy,c/Viaer = molarity.
Moreover, the Setschenow coefficient trend is CA > IC > TR.

4.2. Pitzer's Parameters Calculation and Octanol/
Water Partition Coefficient. Normally, solubilities of
nonionic mixtures can be predicted using activity and osmotic
coefficients. In ionic aqueous solutions, however, the use of
activity coefficients can result in large errors when predicting
solubility. Ionic interaction models can be used to calculate the
properties of electrolyte components and better predict the
solubilities of ionic mixtures. Pitzer and many other
researchers’ ™ have used a single set of equations to describe
the osmotic and activity coeflicients of the components of
single salts and mixtures with common ions. By using virial
expansion expressions to account for the ionic strength, the
dependence of the short-range forces in binary and ternary ion
interactions can be modeled by Pitzer’s model or the extended
Debye—Hiickel’® method. Hence, the model is applicable to
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solutions of high ionic strength.37 Moreover, the ion
interaction parameters are expressed as explicit functions of
ionic strength and need very few parameters to estimate the
properties of both single and mixed electrolytes.**~**

This work obtained Pitzer’s ion interaction parameters from
activity coeflicients that were obtained from solubility
experimental data. Protonation constants are related to
equilibrium by

H* +H,_ L =HL (6)
where L is the anion of the scavenger.

In addition, in salt, MX can be expressed by

log,, K= log (KT)] + log v + log, Yu_ L — log,, Yur
(7)

where (KT)H is the protonation constant at infinite dilution
and y; is the activity coeflicient of the ith component. The
Debye—Hiickel,*® specific ion interaction theory (SIT),*~*
and Pitzer’s equations’®*’ can be used to study the
dependence of protonation constants on ionic strength. Bretti
et al. (2008 and 2004)'”*° used a modified version of the SIT
equation, in which the ionic strength and the interaction
coeflicient, €, has the relationship as shown in eq 8a.

€~ €
I+1

£ =g,

(8a)
The ionic strength dependence of € was proposed, as shown
in eq 8b.”'

e=e 4+ eWin(1 +1) (8b)

Pitzer’s equations48 express the activity coefficient of cation
M or anion X, in the presence of electrolytes of 1—1, 1—2, and
2—1 charge type, by the following:

Iny and Iny = £(1; B pY; C7; 0; y) (8¢)
In addition, for neutral species
Iy = 241 (8d)

where I is the ionic strength (in molality); pO gD M and
c? represent the interaction parameters between two ions of
opposite signs; @ are interaction parameters between two ions
of the same sign (+ +, — — ); and y are triple interaction
parameters (+ — +, — + — ).>> When I < 3 mol-kg™" of H,0O,
and y are negligible. By combining eq 4 and 8d, Bretti et al.
(2005, 2006, 2009, 2011, and 2013)**~*” developed eq 9 that
calculates Pitzer’s interaction parameter of neutral species, A.

https://dx.doi.org/10.1021/acs.jced.9b00898
J. Chem. Eng. Data 2020, 65, 2325—2331
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Table S. Koy of Scavengers (Calculated in Eq 10) and Infinite Dilution Activity Coefficients of Scavengers

A Kow
CA 1.07 18.98
TR 2.52,2.29, 1.87 394.98, 245.72, 105.17
1C 1.63, 1.46, 1.08 64.02, 44.99, 19.48

7°°'w J/cxu,o yoo,op
0.9627 0.0074 0.0076
0.7464 0.0003 0.000S
0.8882 0.0028 0.0031

The calculated Pitzer’s interaction parameters (for a 1:1
electrolyte) are presented in Table 4.

1= (In 10)k,,

2 )

The octanol—water partition coefficient, Kqy, is the ratio of
a chemical’s concentration in the octanol phase relative to its
concentration in the aqueous phase at equilibrium. It is a
physical property and can be used to measure a component’s
hydrophobic or hydrophilic properties.”*** Hence, Koy is
mainly used to assess the potential environmental behavior,
which includes physical and biological phenomena.**’
Moreover, Koy can be used to describe the soil adsorption
and toxicology of chemicals.®” Ni and Yalkowsky (2003)°" and
Bretti et al.(2005)>* proposed an empirical equation for NaCl
to calculate Koy using k. (Table S). Koy represents the
tendency of the species to partition itself between the organic
phase and an aqueous phase. Hence, chemicals with low Ky
values may be considered relatively hydrophilic.

k. = 0.039Kq, + 0.117 (10)

As shown in Table 5, CA is the most hydrophilic when
comparing to TR and IC. On the other hand, TR is very
hydrophobic due to the very large values of Kqy. Moreover,
Tse and co-workers (1994) showed the correlation of Kqyy and
infinite dilution activity coefficients (Table 4) through Eqs 11,
12, and 13.% Since TR and IC have three different values of
Kow, an average Kqyy was used.

oo, w
v
K = 0.1508

ow P (11)

oco,w

7= 015087 —
' (12)
log Kow = 0.10 + 091 log 7 (13)

where %, y*°P and y*° are the infinite dilution activity
coefficient in the pure water, octanol phase, and pure octanol,
respectively. The factor of 0.1508 is the ratio of the total molar
concentration of the 1-octanol-rich phase (8.378 mol-L™") to
that of the water-rich phase (55.56 mol-L™").

The linear relationship of Kuy and 7 was determined by
using literature data.®” However, Tse et al. (1994) showed that
the model works for volatile hydrocarbons, aromatics, and
halogenated aliphatic substances such as CCl,, CHCI,,
pentane, cyclohexane, and heptane. Since H,S scavengers are
triazine-based and are not as similar to substances reported in
the literature, further experiments are required to validate the
model. The models provided here are good first-round
approximations.

5. CONCLUSIONS

The solubility of cyanuric acid (CA), 1,3,5-triacryloylhexahy-
dro-1,3,5-triazine (TR), and 1,3,5-tris(2-hydroxyethyl) cyanu-
ric acid (CI) in NaCl/H,O mixtures (0 to 0.226 mol-kg™') at
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T =298.15 K was determined. Overall, the solubility in the salt
solution had a trend of IC > CA > TR, except for when the
salt concentration was 0.14—0.18 molkg™. In this salt
concentration range, the solubility trend was IC > TR >
CA. As the salt concentration increased, the solubility of CA
decreased. TR and IC, on the other hand, exhibited the
phenomenon known as salting in and salting out, which was
based on the salt concentration.

Since the activity coefficient of the neutral species is roughly
correlated with the solubility of the scavengers, it also exhibited
the same trend as solubility. Moreover, deviations from the
ideal behavior trend were TR < IC < CA and TR < CA < IC
when the concentration of NaCl was <0.16 mol-kg™' and the
concentration of NaCl was >0.16 mol-kg™", respectively. From
the Setschenow coeflicients, Pitzer’s interaction parameters of
neutral species, octanol—water partition coeflicients, and
infinite dilution activity coefficients of the scavengers were
also calculated. The Setschenow coefficients trend was CA <
IC < TR. From the calculated values, the octanol—water
partition coeflicient trend is CA < IC < TR. The trend for the
octanol—water partition coefficient and the infinite dilution
activity coeflicients trend is CA < IC < TR due to
proportionality.
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