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Abstract:

The presence of free fatty acids interferes with conversion of plant oils to biodiesel. Four, strong
and weak base resins were evaluated for free fatty acids (FFA) removal from oil. Amberlite FPA
51 showed the highest adsorption capacity of FFA. A resin concentration above 3% could enable
a higher % FFA adsorption. The adsorption process fitted a pseudo-first-order kinetic model and
achieved equilibrium in approximately 8 h. A full factorial design was used to optimize the resin
and FFA concentrations at a fixed temperature (40°C). A ratio of resin to fatty acid
concentrations above 1.875 was sufficient for 70% adsorption and the amount adsorbed
continued to increase with further added resin. A two-step washing of resin using hexane and
ethanol recovered approximately 67.55 £+ 4.05% of the initially added fatty acid. The used resin
was regenerated with 5% NaOH and re-used for a minimum of 3 consecutive cycles. However,

the adsorption capacity diminished to 75% of the initial cycle in cycles 2 and 3. Thus, the work
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presents a resin-based process for deacidification of oil to reduce fatty acid content of oil for
biodiesel production.

Keywords: Free fatty acids, lon-exchange resin, Adsorption, Resin regeneration, Resin
Reusability

1. Introduction:

There is considerable interest in substituting fossil fuels with sustainable biofuels for economic
and environmental reasons. Much of the economically important transportation sector relies
heavily on diesel. In addition, diesel fuel is important for allied sectors besides transportation. !
Biodiesel, which is manufactured from vegetable oil, is a commercial substitute. However, the
production cost of biodiesel from vegetable oil is higher than fossil derived diesel and supply is
constrained by availability of vegetable o0il.> As a substitute for vegetable oil, waste cooking oil
can be used to produce biodiesel. Plants engineered for in situ oil accumulation in leaves and
stems might be a future source as well.?

Though waste cooking oil is relatively low cost compared to oil seeds 4 and does not impinge on
the edible oil market, it is often rich in free fatty acids (FFA). Furthermore, crops engineered for
accumulation of triglycerides in green tissues (e.g. oilcane) also contain elevated levels of FFA.?
For biodiesel production, the oils are esterified with alcohol in presence of an alkali catalyst.
However, FFA reacts with alkali to form soaps. This reduces the efficiency of the catalytic
conversion and complicates downstream processing.’ Many approaches have been proposed to
reduce the FFA content including steam distillation, ethanol based extraction and esterification
using acid catalysts and enzymes.® The goal is reduce FFA content preferably below 1% ’
because concentrations above 3% diminish the performance of the homogenous base catalyst

used for biodiesel production.! However, steam distillation operates at high temperature and has

Page 2 of 21



associated equipment cost, whereas ethanol extraction of fatty acids requires large amounts of
solvent because of limited solubility. Use of ion exchange resin (IER) for adsorption of FFA
from oil provides an efficient alternative for deacidification of oil for biodiesel production.

Ion exchange resin with basic functional groups provides lone pair of electrons for weak
interaction with the acidic carboxylic groups of FFA.” The weak interactions adsorb FFA onto
the resins. The adsorption kinetics of stearic acid dissolved in isooctane was studied using
bentonite as the adsorbent. Adsorption fitted a Langmuir and Freundlich type isotherm, and the
sorption capacity was dependent on temperature.’ Similarly, anion exchange resin such as
Amberlyst 26A OH is as an efficient adsorbent for removing oleic acid from ethanol.'”
Amberlyst 26A OH have also been reported for deacidification of degummed soybean oil
dissolved in isopropanol, while also removing undesirable components including phospholipids
and peroxides.!! However, using an organic solvent to solubilize FFA/ vegetable oil may not
reflect the behavior of FFA present in natural oil or waste cooking oil. Thus, adsorption kinetics
of stearic acid and oleic acid dissolved in refined soybean oil was determined using various
strong and weak base resins.” The authors report that the adsorption of FFA on basic resins
follow a Freundlich type isotherm, where the adsorption process is spontaneous and exothermic
in nature. However, in the study, fatty acids were dissolved individually in the refined soybean
oil, which may not be representative of the complexity obtained when different FFA are present
in unrefined vegetable oil. Moreover, the available literatures does not consider recovery of the
adsorbed FFA for further uses. Also, these studies did not consider regeneration of the resin.
Thus, in this preliminary work, a set of strong and weak resins were evaluated for removal of
various FFA (palmitic acid, stearic acid and oleic acid) from refined soybean oil. Based on the

preliminary results, adsorption of mixed FFA was optimized using a full factorial design. The
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FFA mixture contained palmitic, stearic and oleic acids at an equal molar ratio. Further, a
process was developed for recovery of the adsorbed FFA. Finally, a method for developed for
regenerating the resin to allow for its reuse.

2. Materials and Methods:

Palmitic acid (>96%) was procured from Chem Impex, Illinois, USA. Stearic acid (>98%) and
Oleic acid (>85%) were procured from TCI America, Oregon, USA and used without further
purification. Ethanol (190 proof) was obtained from Decon Labs Inc, Pennsylvania, USA,
Phenolphthalein (0.5 wt% in ethanol: water, 1:1) was obtained from Millipore Sigma, Wisconsin,
USA, and Potassium hydroxide pellets were obtained from Millipore Sigma, Wisconsin, USA.
Refined soybean oil was procured from local grocery store in Urbana, Illinois, USA. Ton-
exchange resins Amberlite IRA 400 CL™ and base Amberlite IRA 96™ were procured from
Millipore Sigma, Wisconsin, USA whereas Amberlite FPA 90 CL™ and Amberlite FPA 51™
were obtained from The Dow Company, Michigan, USA. The properties of the resins are listed
in Table 1 (obtained from manufacturer sites).

2.1. Preliminary adsorption study:

2.1.1. Identification of suitable resins: Adsorption of palmitic acid, stearic acid and oleic acid
was evaluated for four resins to identify the best for FFA adsorption. The resins were washed
and activated by mixing them with ethanol for 4 h at 30°C, 180 rpm. The washed resins were
dried at 49°C for 12 h in a forced air convection oven. For the adsorption study, a known amount
of individual fatty acid (% w/w of oil) was dissolved in refined soybean oil and then mixed with
a specific amount of resin (% w/w of oil) and incubated (C24 incubator Shaker, New Brunswick
Scientific, USA) at 30°C, 180 rpm for 4 h. At regular interval, an aliquot (1 g) was withdrawn

and used to measure the acid value. The acid value was determined by titration using 0.05M
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KOH with phenolphthalein as indicator. Briefly, the aliquot was dissolved in 20 ml neutralized
ethanol and warmed to first bubble. The warm mixture was titrated with KOH in presence of
phenolphthalein and the volume of titrant consumed was noted at the endpoint (colorless to faint
pink). The molarity of KOH was adjusted to obtain a quantitative titration reading to prevent
experimental errors.

2.1.2. Effect of resin concentration and temperature on FFA adsorption: The resin enabling
maximum adsorption and separation of FFA from oil was selected to determine the effect of
resin concentration (0.5, 1, 2, 3, 4, 5% w/w of oil) on adsorption of FFA at a fixed FFA
concentration. Briefly, known amount of resin was added to the oil and incubated at 30°C for 24
h. At regular intervals, an aliquot was withdrawn and used to measure Acid Value. The effect of
temperature (30, 40 and 50°C) on adsorption of FFA onto resin was evaluated at a fixed FFA
(2%) and resin concentration (5%). Briefly, the mixture was incubated at desired temperature
and an aliquot was withdrawn periodically to estimate the Acid Value.

2.2. Recovery of Adsorbed FFA and resin reusability: At the end of incubation period, the
resins were separated from oil mixture by vacuum filtration using a sintered glass funnel. The
recovered resins were then washed with hexane (10 ml) for 5 min to recover the adsorbed FFA
and the adhering oil. The hexane layer was evaporated to recover the residual oil containing the
FFA. To the residual oil, ethanol was added and mixed for 5 min, after which the mixture was
centrifuged. The top ethanol layer was separated from the oil layer and evaporated to recover the
adsorbed FFA. To evaluate the reusability of resin, the hexane washed resin was regenerated and
used for subsequent cycles. The regenerant used in this study includes 5% NaOH, 4% NaOH and
water. The washed resin was mixed with the regenerant for 45 minutes and filtered to recover the

resin. For the subsequent cycles, the regenerated resin was mixed with new batch of FFA
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containing oil. The Acid Value was determined at the end of adsorption process (24 h) and
related to % FFA Adsorption. The % FFA adsorption in consecutive cycles were referenced to
that obtained in cycle 1, which was considered as 100%.

2.3.  Design of experiment and statistical analysis: Based on results of preliminary work, a
full factorial design (FFD) of experiment was designed by varying the concentration of resin and
FFA to maximize FFA adsorption. The FFD was developed using Minitab Statistical Software
Version 16 (Pennsylvania State University, USA) for optimizing and evaluating the effect of the
two independent process variables i.e. resin concentration (X1) and FFA concentration (X2) on
the dependent factor i.e. FFA adsorption. The adsorption experiments were conducted at a fixed
temperature (40°C). The independent variables were varied over 3 level to represent low,
medium and high level. The independent variables include resin concentration (5, 7.5 and 10%
w/w of oil) and FFA concentration (1, 2, and 4% w/w of oil). A total of 18 experiments were
performed in a random order. The adsorption process was continued for 24 h and the acid value
was determined to estimate % FFA adsorption. The Minitab software was used to conduct the
ANOVA and generate the main and the interaction plots.

3. Results and Discussion:

3.1.  Preliminary study: To identify a resin having a suitably high adsorption capacity for
removing FFA from refined oil, various resins (5% w/w of oil) were mixed with FFA solutions
(2% w/w of oil). As shown in Figure 1, weak base resins were more effective than strong base
resins in adsorbing FFA. Amberlite FPA 51, which possesses a secondary amine functional
group, adsorbed the highest percentage of FFA; irrespective of the FFA, it removed 65% within
4 h. The adsorption of fatty acids on resin can be explained by Lewis acid base interaction and

depends on the number of electron donors and their ease of accessibility.'? It has been proposed
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that styrene-divinylbenzene matrix containing secondary and tertiary amine as active group have
more electron donors as compared to resin possessing quaternary amine. Also, the lone pair of
electrons of secondary amine and tertiary amines are more accessible as compared to quaternary
amines. This would explain the higher adsorption capacity of weak base Amberlite FPAS1
compared to the others as observed in this study. Also, the weak base resins are supplied as their
free base form as compared to chloride form of strong base resin. As the resin were used without
chemical modification to minimize the use of solvent, the charged form of strong base resin may
have limited the adsorption of FFA.

The effect of resin concentration on FFA adsorption was evaluated at 30°C. At a fixed FFA
concentration, adsorbed FFA was positively correlated with resin concentration (Table 2). A
resin concentration above 3% (w/w of oil) enabled greater than 50% recovery of FFA. As
adsorption of FFA onto the resin forms hydrogen bonds, the reaction was run at three
temperatures (30, 40 and 50°C) at fixed FFA (2%) and resin (5%) concentrations. The effect of
temperature on FFA adsorption is shown in Figure 2. For palmitic acid (Figure 2a), the highest
adsorption (80%) occurred at 30°C and decreased to 70-73% as the temperature was raised.
Conversely, for C18 fatty acids (i.e. stearic acid (Figure 2b) and oleic acid (Figure 2c))
adsorption increased with rising temperature. In addition, the % FFA adsorption values for the
C18 fatty acids were similar at 40 and 50°C. Studies of FFA adsorption using Indion 860 7 and
Darco G 60 '3 as adsorbents have reported differences in adsorption capacities of resin depending
on degree of saturation. Saturated fatty acids, such as stearic acid, had greater specific adsorption
onto resins compared to unsaturated fatty acids (i.e. oleic acid). The authors argue that
unsaturated bonds increase the affinity of fatty acids towards triglycerides (oil). Thus, the higher

solubilization of unsaturated fatty acids in oil render them less available to adsorb onto the resin
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compared to saturated fatty acids. However, such differences in adsorption for fatty acids with
equal carbon length was not observed in this study. As observed from the Figure 2, a difference
in adsorption capacity for fatty acid with equal carbon chain was only observed at 30°C and not
higher temperatures. The discrepancy in adsorption of stearic acid and oleic acid can be
attributed to the presence of unsaturated bonds. The sorption properties of polystyrene based
matrix rely on hydrophobic interactions hence, the presence of n-electrons in oleic acid may
increase its affinity towards the n-electron rich matrix of styrene divinylbenzene matrix of the
resin. '* However, further investigation is recommended to understand the difference in results
observed in this work as compared to past studies. It can be argued that higher temperature
would increase the solubility of fatty acids in triglycerides (oil), thereby decreasing the
adsorption capacity, however, it was not observed in this study as evident from the Figure 2,
except for the small decrease observed for palmitic acid. When using bentonite as an adsorbent, a
decrease in adsorption capacity of stearic acid was observed with an increase in temperature '°.
The refined oil was observed to become more viscous when FFA was added at 30°C. However,
no apparent changes in flowability was noted at 40°C. Therefore, the reaction temperature was
set at 40°C to ensure good mass transfer of FFA between the liquid and solid phases. Results
from the preliminary work were next used to optimize the fatty acid and resin concentrations
using a Full Factorial Design containing 3 levels.

3.2. Response surface methodology: To enable selection of a suitable resin concentration
based on FFA concentration, the effects of FFA and resin concentrations on FFA adsorption was
studies using a full factorial design. Results are listed in Table 3. It has been suggested that the
resin and the adsorbate concentrations influence the extent of maximum adsorption.'® Hence, it

was observed that at a fixed resin concentration, % FFA adsorption varied inversely with FFA
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concentration, possibly due to saturation of the resin active sites. As can be observed from Table
3, when the ratio of resin to FFA was above 3.75, about 90% of the added FFA was removed by
the resin. Whereas at a ratio between 1.875 - 3.75 allowed for 70-80% adsorption. The regression
analysis equation for the % FFA adsorbed at a specific resin and FFA concentration was:

%FFA adsorption = 79.8 + 2.67 (Resin concentration) — 8.19 (fatty acid concentration)

The % FFA adsorption at a given resin and FFA concentration can be predicted from the contour
plot, as shown in Figure 3a. The ANOVA of % FFA adsorption is as shown in Table 4. As
observed both the individual variables, i.e., resin concentration and FFA concentration produced
a significant influence on the % FFA adsorption (P<0.05). The R? and adjusted R? were 0.9940
and 0.9874, respectively, indicating a good fit between the predicted values and experimental
results. The main effect and interactions plots are as shown in Figure 3b and 3c, respectively.
The main effect plot demonstrates that resin and fatty acid concentrations had significant effects
on adoption. As observed (Figure 3b) % FFA adsorption rises with resin concentration from 5 to
7.5% w/w, and conversely a drastic decrease in % FFA adsorption occurs when the FFA
concertation is raised from 2 to 4% w/w. The negative effect of an increase in fatty acid
concentration on % FFA adsorption can also be observed in the regression analysis equation. The
interaction plot (Figure 3c¢) indicates only limited interaction between the variables, except when
the fatty acid concentration is low (1% w/w). At lower FFA concentrations, the % adsorption is
similar irrespective of the resin concentration, which may be due to greater availability of lone
pair electrons within the resin as compared to acidic groups.

3.3. Recovery of adsorbed FFA and reuse of resin: It has been suggested that solubility of
vegetable oils in ethanol is dependent on the solvent concentration and the temperature used for

solubilization.!” Moreover, at room temperature, vegetable oils are poorly soluble, even in
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absolute alcohol (less than 10 g/100g ethanol). Also, C18 fatty acids (i.e. stearic acid) are soluble
in ethanol under ambient conditions.'® Hence, in this study, ethanol was used to recover the FFA
dissolved in residual oil (recovered after hexane evaporation). Using ethanol, 86.55 + 5.19% of
the adsorbed FFA was recovered, which equates to 67.55 + 4.05 % of the FFA initially present.
Therefore, use of two-stage recovery process, using hexane and ethanol, will enable recovery of
all the oil and most of the added FFA. The recovered oil can be blended into the purified oil,
thereby preventing loss of oil for biodiesel production. Further, the recovered FFA can be
upgraded to value-added products.

Ion-exchange resin are susceptible to chemical or physical deactivation or neutralization of their
active sites.!” However, an advantage of using resins is the ability to recover their ion-exchange
capabilities by using regenerants,? so that they can be reused for multiple cycles. For Amberlite
FPAS51, the manufacturer recommends regenerating with 4% NaOH for a minimum of 30 min. In
this study, NaOH (4 and 5% w/v) and water were tested as potential regenerant. After
regeneration, the resin was reused for subsequent cycle of adsorption by using fresh FFA oil
mixture. The results of regeneration and reusability is depicted in Figure 4. As expected, water
was ineffective at regenerating the active sites and the decrease in % FFA adsorption was similar
to that observed when no regenerant was used. With 4% NaOH as regenerant, the % FFA
adsorption in cycle 2 was 78% of cycle 1 (fresh resin), which subsequently decreased to 59% in
cycle 3. Whereas, when 5% NaOH was used as regenerant, the % FFA adsorption in cycle 2 was
observed to be 75% of cycle 1 and remained similar in cycle 3. Thus, it can be concluded that
regenerating with 5% NaOH performed better than 4% NaOH, presumably, by enabling the
recovery of active sites. It has been observed that the regeneration process allows recovery of

about 60-80% of the resin capacity,?® which agrees with our results. The reason for the decrease
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in %FFA adsorption can be attributed to inefficient generation of active sites as well as loss of
resin particle size and sphericity. During the regeneration process, a fraction of resin was
damaged resulting in presence of powder as well as spherical resin (Supplemental Figure 1). This
loss in particle size may negatively impact active sites and thus reduce adsorption capacity.
Commercially, resins are used within column beds, which should minimize mechanical damage
of the resin, thereby improving reusability. Although, the % FFA adsorbed decreased with resin
reuse, fresh resin can be added to make up for lost adsorption capacity. Minimizing resin
consumption is important for controlling costs and it is expected that loss of capacity will be
reduced by switching to a fixed bed reactor.

3.4. Adsorption kinetic model:

The rate and time to achieve equilibrium for adsorption of individual fatty acids was measured
for Amberlite. The adsorption kinetics are presented as the amount of fatty acid adsorbed per
gram of resin (q) with time (Figure 5a). The adsorption of fatty acids onto the resin involves
interaction of the lone pair of electrons of the amine active group of resin and the acidic
hydrogen of fatty acids. Therefore, initially when all the lone pair of electrons are available, the
adsorption is seen to increase with time until with the lone pair electron sites are saturated with
bond acidic FFA. Equilibrium is reached after 800 min. At equilibrium, the adsorption capacities
of Amberlite FPA51 were observed to be 240 mg/g, 231 mg/g and 273 mg/g of resin for
palmitic, stearic and oleic acids, respectively. On a molar basis, at equilibrium 0.94 moles, 0.81
moles and 0.97 moles of palmitic acid, stearic acid and oleic acid, respectively, were adsorbed
per gram of resin. The maximum adsorption capacity observed here is similar to that reported for
oleic acid using Amberlite MB-150 (270 mg/g) and Dowex Monosphere MR-450 UPW (260

mg/g). The data for adsorption of fatty acids onto resin was fitted using pseudo-first order,
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pseudo-second order or Elovich kinetic model. The pseudo-first order, pseudo-second order and

Elovich kinetic model can be represented by the equation 1, 2 and 3,?! respectively,

log(q. — q.) =logq, — k4t/2.303

t 1 +1t
q.  k.q¢ q.

q: = flnaf +1Int

where, ge and gt represents amount of fatty acid adsorbed (mg/g of resin) at equilibrium and at
time t, respectively, ka (min™') is the pseudo-first-order rate constant, k is the pseudo-second
order rate constant (mg/g.min), § is the desorption constant (g/mg) and a is the initial adsorption
rate (mg/g.min). The rate constants and correlation coefficients are listed in the Table 5 and plots
graphed in the Figure 5. Among the evaluated kinetic models, pseudo-first order and pseudo-
second order had R? of 0.88-0.99, which indicated they are good choices for explaining the
adsorption behavior of tested fatty acids on Amberlite FPAS]1.

4. Conclusion:

Ion exchange resins containing strong base or weak base as active group were evaluated for their
effectiveness to adsorb FFA dissolved in refined soy oil. It was observed that the weak base resin
Amberlite FPA 51, which possesses secondary amine functional groups, removed the most FFA.
Further study indicated that 8 h was required to reach adsorption equilibrium. The full factorial
design used to optimize the resin and fatty acid concentrations will also allow the resin
concentration to be set based upon the beginning and target FFA concentrations. The resin was
regenerated by treating with 5% NaOH for 45 min. Although the regeneration process did not
restore 100% of the adsorption capacity, the resin could be used for at least 3 consecutive cycles,
which reduces resin consumption and cost. Furthermore, washing with ethanol recovered 86.55 +

5.19% of the adsorbed FFA. Thus, in this work, an optimized process was developed for
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separation and recovery of FFA from oil. The developed process can be applied for reducing the

free fatty acid content of waste cooking oil and other sources containing an undesirable

concentration of FFA for biodiesel production. In addition, the recovered FFA can be upgraded
to value-added products to improve the economics of the biodiesel production.
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Table 1: Properties of the resins used in this study

Property Amberlite IRA 400 C1 Amberlite FPA 90 Cl Amberlite IRA 96 Amberlite FPA 51
Copolymer Styrene-divinylbenzene Styrene-divinylbenzene Styrene-divinylbenzene  Styrene-divinylbenzene
Matrix Gel Macroporous Macroporous Macroporous
Type Strong base anion, Type 11 Strong base anion, Type | Weak base anion Weak base anion

Functional Group

Physical Form

Ionic form

Total Exchange
capacity

Particle diameter

Uniformity
Coefficient
Swelling

Water Retention
capacity

Dimethyl-
ethanolammonium
Pale yellow, translucent,
spherical beads

CI
>1.25eq/L

600-750 pm
<1.60
20% (CI" to OH)

45-51%

Quaternary ammonium

Off-white, opaque,
spherical beads

Cr
>1.00 eq/L

65-820 pm

25% (CI" to OH")

58-64%

Tertiary amine

White to tan, opaque,
spherical beads

Free base (FB)
>1.30 eq/L

550-750 pm
<1.60
15% (FB to HCI)

59-65

Secondary amine (>
85%)
Beige, opaque, spherical
beads

FB
>1.30 eq/L

490-690 um

25% (FB to HCI)

56-62%
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Table 2: Effect of resin concentration on adsorption of FFA at fixed FFA concentration

Resin concentration

% FFA Adsorption

(Yow/w) Palmitic acid Stearic acid Oleic acid
5.0 80.00 + 0.01 66.67 +0.01 68.33 £2.36
4.0 71.36 +£1.93 70.00 £ 0.01 72.22 +7.86
3.0 60.00 £0.01 57.78 +£3.14 57.78 £3.14
2.0 45.45+0.01 40.00 = 0.01 44.44 £0.01
1.0 20.00 £ 0.01 15.56 £ 6.29 15.56 £ 6.29
0.5 9.55+0.64 10.00 = 0.01 10.00 +£0.01
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Table 3: Experimental Design and results for optimization of FFA adsorption

Resin FFA Stock Ratio % FFA Adsorption
Concentration Concentration (Resin:FFA) Experimental Modelled
(%) (%w/v) (W:w) Value Value
5.0 2 2.5 76.47 76.78
5.0 1 5.0 88.89 89.10
7.5 4 1.875 67.74 69.24
10.0 4 2.5 75.76 76.10
10.0 1 10.0 88.89 89.09
10.0 2 5.0 93.75 91.53
5.0 2 2.5 77.78 77.47
7.5 1 7.5 90.91 90.11
10.0 1 10.0 90.00 89.79
7.5 2 3.75 89.47 89.82
5.0 1 5.0 90.00 89.79
7.5 2 3.75 89.47 89.13
10.0 4 2.5 77.14 76.79
10.0 2 5.0 90.00 92.22
5.0 4 1.25 52.27 51.48
5.0 4 1.25 50.00 50.79
7.5 4 1.875 71.43 69.93
7.5 1 7.5 90.00 90.79
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Table 4: ANOVA of % FFA adsorption

Source DF Seq SS Adjusted Adjusted F P

SS MS

Blocks 1 2.14 2.14 2.14 0.97 0.354

Resin 596.71 596.71 589.35 134.72 0.000

Concentration

Fatty acid 2 2018.93 2018.93 1009.46 455.83 0.000

Concentration

Resin:FFA 4 340.75 340.75 85.19 38.47 0.000

Error 8 17.72 17.72 2.21

Total 17 2976.25

R? 0.9940

Adjusted R? 0.9874
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Table 5: Observed correlation coefficient for different adsorption kinetic of evaluated fatty acids

Model Plot Fatty acid R? k Experimental Calculated
(1/units) g (mg/g) q. (mg/g)

pseudo-first  log (qe- palmitic 0.8829 -0.004 240 263.4
order qt) vs t acid

stearic acid 0.9915 -0.0026 222.2 234.4

oleic acid 0.974 -0.0018 273.33 284.8

pseudo- t/qevs t palmitic 0.9965 0.0029 240 226.9
second order acid

stearic acid 0.9911 0.0035 222.22 236.2

oleic acid 0.9829 0.0034 273.33 254.1

Elovich qtvsint palmitic 0.967 58.537 240 218.7
kinetic acid

model stearic acid 0.965 60592 222.2 219.4

oleic acid 0.9565 62.817 273.33 252.5
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