MEMORANDUM

Date: March 9, 2017

To: AIChE Competition Chairs

From: Group #__

Subject: AIChE 2017 Student Design Competition Nylon 6 6 Grassroots Plant Design

As requested on February 7, 2017, a preliminary design for a Nylon 6 6 grassroots facility to produce nylon
granules through an extrusion process has been completed.

The process of achieving 85 MM lb/yr of Nylon 6 6 granules is described in the following report. Through
a continuous process, a net present value of $12,916,000, and a discounted cash flow rate of return of
30.4% were determined. This project is recommended due to the economic evaluation of a ten year
project life. Additional sizing and costing of equipment as well as a preliminary safety and hazard analysis
are included in this report.

If any of the following information needs further explanation, please contact this design group.
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Abstract

A preliminary design of a Nylon 6 6 plant to produce granules by extrusion was conducted for Calvert City,
Kentucky. This process involves a reaction between adipic acid and hexamethylene diamine (HMDA)
through a continuous process. This type of process was chosen over a batch process to make the system
inherently safer, reduce process time, and decrease operating costs [1]. Through the use of a continuous
polymerization reactor, molten Nylon is produced and then processed by an extruder and additional
mechanical processing equipment to dry the Nylon granules. The production of Nylon granules was
chosen instead of Nylon filaments. This is due to the versatility of the Nylon granules to be further
processed into different lengths and thicknesses based on the customers’ specific needs.

The economic evaluation for the Nylon production process is summarized in Table 1.

Net Present Value $12,916,000
Discounted Cash Flow Rate of Return 30.4%
Undiscounted Payback Period 4.11 years

The net present value of the project was calculated to be $12,916,000 with a discounted cash flow rate of
return (DCFROR) of 30.4%. The DCFROR is greater than the hurdle rate of 15% which makes this project
economically attractive. The payback period is 4.11 years for a ten year project life.

This process has some safety concerns based on the polymerization reactor and components involved in
the process, but these risks will be controlled. Cooling jackets, alarms, and other emergency procedures
will be implemented to ensure the safety of everyone involved with the plant and the surrounding
community.



Introduction

Nylon 6 6 is a strong and versatile polymer that has many uses throughout different industries. This makes
it useful to study innovative and sustainable ways to produce it in bulk. Because Nylon 6 6 has such
versatile applications, it can be produced as granules to be processed by other manufacturers or made
into fibers for textile applications. The intent of this design project was to design a manufacturing facility
for Nylon 6 6 in order to determine the profitability of producing 85 MMIlbs/yr of Nylon while considering
safety, sustainability, demand and process control.

The following report shows the analysis of a grassroots industrial facility that produces Nylon 6 6 granules
in a continuous process. The granules are produced from adipic acid and HMDA in a polycondensation
reaction. This is done through the use of mixers, a crystallizer, and a continuous stirred tank reactor. The
molten Nylon is extruded and cut into granules for sale.

To fully understand the scope of this process, a safety concept was evaluated for all equipment and
potential hazards. Inherent safety is incorporated into the design, and a hazard analysis along with a
preliminary hazard and operability study were completed for the process. This also provided the means
to assess environmental concerns and loss prevention throughout the design. A control strategy was
evaluated for the entire process to assist with the safety and ensure that the design was feasible. An
economic analysis was performed for the production of Nylon 6 6 granules at the full capacity of 85
MMIbs/yr as well as a turndown case at 67% by considering the net present value and discounted cash
flow rate of return (DCFROR). By using all of these separate concepts, it was possible to evaluate a
cohesive design of the Nylon manufacturing facility.

The time line of this project started with research of previous Nylon producing processes to determine
the specific equipment necessary, reaction mechanism and kinetics for the polymerization of Nylon 6 6.
Next, the reaction kinetics were used to create simulations of the process using Polymath. Mass and
energy balances could then be solved, leading to equipment sizing and costing. Revisions to the process
were considered for safety and optimization. The economic analysis was then completed.

Process Flow Diagram and Material Balances

The following page provides a process flow diagram for the Nylon 6 6 formation process. The streams are
labeled and the stream summary table is provided on the same page to provide ease when identifying the
pressure, temperature, total mass flow rate, and component mass flow rates of each of the streams.
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Figure 1: PFD of Nylon 6 6 Process
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Table 2: Stream Summary Table of Nylon 6 6 Process

Stream Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

o o Sat. |Sat. o o o o Sat. |Sat. o . . o o . . .., |Liquid/ Liquid/ Liquid/ Liquid/ Sat.
Phase Liquid |Liquid . |Liquid [Liquid [Liquid |Liquid . |Liquid |Solid |Solid |Liquid |Liquid|Solid |Solid |Liquid . L . L

Vapor |Liquid Vapor |Liquid Precipitate | Precipitate | Precipitate | Precipitate | Vapor

Pressure (psia) 108.9 [103.9 [189.7 [189.7 |95 103.9 |95 90 189.7 (189.7 (90 14.7 |14.7 |90 90 14.7 |(14.7 (90 90 196 191 189 182
Temperature (°F) 52 100.4 |377 |377 |100.4 |100.4 |100.4 |122 377 |377 122 70 70 122 122 |70 70 122 122 122 374 374 374
Total Mass Flow Rate (lbm/hr) |104,466|104,466 (5,943 |5,943 |104,466 (104,466 |104,466|104,466 (2,652 (2,652 (95,583|7,200 |7,200 |102,783|8,883 |5,726 |5,726 {14,609 (117,392 117,392 117,392 13,813 103,579
Component Mass Flow Rate
(Ibm/hr) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )
-Adipic Acid 0 0 0 0 0 0 0 0 0 0 0 7,200 (7,200 (7,200 |- 0 0 0 0 0 0 0 0
-HMDA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5,726 |5,726 |5,726 |0 0 0 0 0
-Water 104,466 (104,466 (5,943 |5,943 |104,466 (104,466 |104,466 104,466 |2,652 |2,652 |95,583|0 0 95,583 18,883 |0 0 8,883 |0 0 0 887 103,579
-Aqueous Nylon Salt Solution 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 117,392 117,392 117,392 0 0
- Nylon Salt - Carboxyl End
Group 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7,200 0
- Nylon Salt - Amine End Group |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5726 0
-Nylon 6 6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
-Dowtherm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Stream Number 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46
Phase \Slzt;;or fia(:l:lid \S/Ztr;or i::['“d Liquid  |Liquid Il;lfel::li‘:)/itate Vapor f?;;id Liquid [Liquid |Liquid |Liquid |Liquid [Liquid |Liquid |Liquid \S/a;t‘;or iia:\;id Liquid |Liquid |Solid [Solid |[Solid
Pressure (psia) 182 182 614.7 (614.7 |100 100 252 250 (250 (100 100 152.7 |152.7 |250 1000 |1000 (100 (14.7 |(14.7 (100 95 14.7 147 (9.7
Temperature (°F) 374 374 489 489 86 113 374 514.6 (204.8 (86 113 532.6 (527 514.6 [514.6 |514.6 |86 212 (212 (86 113 257 257 158
Total Mass Flow Rate (lom/hr) [103,579|103,579|16,641|16,641(3.67E+06 | 3.67E+06|13,813 1,700 | 1,700 |60,325|60,325 (34,049|34,049|11,302 (11,302 (11,302|1,003 | 2,091 | 2,091 | 7.51E+04|7.51E+04(10,214|10,214 10,214
Component Mass Flow Rate
(lom/hr) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )
-Adipic Acid 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
-HMDA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
-Water 103,579|103,579(16,641 | 16,641 |3.67E+06 | 3.67E+06 (887 1,700 [1,700 (60,325|60,325|0 0 0 0 0 1,003 (1,003 (1,003 7.51E+04(7.51E+04 (0 0 0
-Aqueous Nylon Salt Solution |0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 606 |606 |0 0 0 0 0
- Nylon Salt - Carboxyl End
Group 0 0 0 0 0 7,200 0 0 0 0 0 0 606 (606 |606 |0 482 |482 |0 0 0 0 0
- Nylon Salt - Amine End Group |0 0 0 0 0 0 5726 0 0 0 0 0 0 482 482 482 0 0 0 0 0 0 0 0
-Nylon 6 6 0 0 0 0 0 0 0 0 0 0 0 0 0 10,214|10,214|10,214 (0 0 0 0 0 10,214|10,214 (10,214
-Dowtherm 0 0 0 0 0 0 0 0 0 0 0 34,049(34,049|0 0 0 0 0 0 0 0 0 0 0




The pressure was determined for each of the streams in Table 2 based on the assumption that there were
no line losses in the system. This was due to the lack of information of the spatial layout of the plant during
this preliminary design. A pressure drop of 5 psi was assumed across each condenser and heat exchanger
[2]. However, the hydrostatic pressure was estimated based on the known height of the pieces of
equipment. In addition, it is assumed the total mass flow rate of the material coming into each of the
pieces of equipment is equal to the mass flow exiting the equipment, except for the material entering and
exiting the polymerization reactor, R-102, which are streams 29, 30, and 36. In this piece of equipment,
there is a generation term for the Nylon 6 6 reaction. Thus, the material balance is characterized by
Equations 1 and is developed more specifically for this continuous process in Equation 2:

Input — Output + Generation = Accumulation (1)

FITL - FOU.C + TV = 0 (2)

Where:
F},, is equal to the molar flow rate of the component in
Fpy¢ is equal to the molar flow rate of the component coming out
7 is the reaction rate
V is the volume of the fluid within the reactor

The V term is constant due to the assumption that the reactor is well-mixed and therefore has no spatial
variation. This was done for each of the components of the polycondensation reaction (amine end group
in Nylon salt solution, carboxyl end group in Nylon salt solution, Nylon 6 6, and water). There is no
accumulation term because the process is assumed to be at steady state.



Process Description

The process discussed in this report converts the solid raw materials of adipic acid and HMDA to solid
Nylon 6 6 granules. A simple block flow diagram is provided below to illustrate the main subsystems within
this process.

Solid HMDA

Solid AA Storage Storage

y -
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1
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Polycondensation
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Figure 2: Block Flow Diagram of Nylon 6 6 Process

To begin, the solid raw materials must both be stored onsite in bulk in order to keep the process running
continuously. Next, these solids are formed into adipic acid and HMDA solutions by mixing them with
deionized water. The solids are dispensed into the mixers by hoppers. The deioinized water is crucial to
eliminate the potential interaction of other ions with the adipic acid and HMDA ions later on in the
formation of the Nylon salt. The amount of DI water is calculated to ensure that the solids are completely
dissolved so that it can be assumed that the solutions are equimolar. These solutions are then added in
equimolar amounts into the Nylon salt formation reactor. The Nylon salt solution formation is assumed
to be instantaneous, thus the solution is simply mixed before moving to the crystallizer. In the crystallizer,
the excess water within the Nylon salt solution is evaporated so that it is ready for the polycondensation
reaction process. The polycondensation reactor is used to heat the solution to a temperature that causes
the carboxyl and amine end groups of the adipic acid and HMDA to form polymer chains. As this process
is happening, the byproduct of water is created and evaporated. Finally, the molten Nylon created from
this reactor is processed through several pieces of equipment, including an extruder, casting wheel,
chopper, and dryer, to create the final product of the Nylon granules for storage [3].



Energy Balance and Utility Requirements

The first utility used in the production of Nylon 6 6 is the process water that is converted to DI water. The
cost of this utility per year was calculated based on the total mass flow rate of water needed to dissolve
the solid adipic acid and HMDA in the system. This flow rate and price was minimized by increasing the
temperature of the water from 52°F to 122°F to make the raw materials more soluble in the water.
Therefore, less water will be required to dissolve the same mass of solids at this temperature than for
room temperature water. In addition to this, cooling water will be introduced to the molten Nylon 6 6 on
the casting wheel to cool it from about 515°F to 257°F. The final use for cooling water within the system
will be to condense the water vapor produced in both the crystallization process and the polymerization
reaction as well as the water vapor flashed off of the casting wheel.

Steam will also be utilized in this system to heat the process streams when needed. The points at which
this is required is before the deionizer system, E-100, as well as for the crystallizer, E-102. The
crystallization process requires a larger heat duty than does the process water used in mixing with the
raw materials, thus high pressure steam is used on the side of the crystallizer, E-102. However, to minimize
costs, medium pressure steam was used for the process water heat exchangers, E-100 and E-101. On the
other hand, steam was not selected to be used to heat the polymerization reactor, R-102. This is because
high pressure steam is not able to provide the desired heat duty to produce the molten Nylon. Thus,
Dowtherm was selected to be used to provide continuous heating to this reaction [2]. It was decided that
this will be a safer and more economical choice because Dowtherm causes less fouling in the heat
exchanger and is not required to be at as high of a pressure as saturated steam.

In addition, electricity will be used to provide power to several pieces of equipment. These include the
pumps and the drives required to operate the mixers, agitated reactors, screw conveyers, extruder,
casting wheel, chopper, and dryer [2].

The utility requirements for this process are such that a large quantity of water must be treated. This is
because water will be used and evaporated out of the process stream. Thus, since this water will come
into contact with adipic acid and HMDA, the water should not be reused in the process because it has the
potential to make the equimolar ratio of these two ions skewed. Additionally, exposure should be limited
to the environment [4,5]. Also, it was assumed that this Nylon 6 6 producing plant would recycle cooling
water and condensed steam to where solids would build up within the lines and need to be blown down.
Thus, it was estimated that this blow down percentage would be 6% [6]. This water containing solids that
is removed from the system will be treated to remove the solids before being disposed. Tertiary treatment
was selected [2].

It is important to note that all of the values for both mass flow and cost per year of the utilities are
calculated based on a service factor of 0.95. Also, the process water cost was determined using a public
service commission from the Kentucky government [7]. The cost for remaining utilities were found using
[2]. These prices are summarized in Table 3 below. Along with this, a summary of the required capacity of

the utilities used in the process is provided in Table 4 below.
10



Utilities Types $/Common Unit | $
Steam

High P S/ 2,205 Ibm 29.97

Med. P S/ 2,205 Ibm 29.59
Cooling Water S /2,190,000 Ibm | 14.8
Process water S/ 8.34 Ibm 0.008
Thermal System

90% Efficient S/GJ 12.33
Electrical S/ 1.343 hp*h 0.06
Tertiary Waste Water Treatment $ /2,190,000 Ibm | 56

11



Types/Location Capacity Cost
Steam from boilers lbm/yr S/year
high pressure /E-102 1.38E+08 $1,882,635
med pressure / E-100 and E-101 7.15E+07 $960,107
Cooling tower water lbm/yr
condenser-crystallizer 2.72E+10 $183,587
inside casting wheel 199728 S1
outside casting wheel 3.83E+07 $259
condenser-polymerization CSTR 5.02E+08 $3,393
condenser-casting wheel 6.25E+08 $4,227
Other Water lbm/yr
Process water / into Deionize tank 8.69E+08 $834,024
Thermal system Gl/yr
Dowtherm boiler / Polymerization CSTR 6.47E+03 $79,733
Electrical hp.hr/yr
pump / btw di water tanks 1.94E+04 $869
pump / to the crystallizer 2.23E+05 $9,976
pump / to polymerization CSTR 2.46E+04 $1,100
pump / to extruder 2.01E+05 $8,976
mixer / aq. HMDA tank 1.15E+04 $515
mixer / aq. adipic acid tank 7.63E+04 $3,409
agitation / aqg. Nylon salt cstr 8.78E+04 $3,924
agitation / polymerization CSTR 2.01E+05 $8,982
drive / extruder 1.33E+05 $5,950
drive / casting wheel 8.37E+05 $37,408
drive / chopper 8.37E+05 $37,408
drive / dryer 1.00E+06 $44,882
drive / conveyer HMDA 1.45E+04 S647
drive / conveyer Adipic acid 1.58E+04 $707
TOTAL COST $4,139,141

Equipment List and Unit Descriptions
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Pumps

There are a total of four pumps in the system, P-100, P-101, P-102, and P-103. The pressure of the streams
entering and exiting the pumps were found by starting at a point where the pressure was known in the
system, usually the design operating pressure of a connected piece of equipment before or after the pump
of interest. All pumps in the process are centrifugal pumps, except for P-103, which is a reciprocating
pump. P-103 is used in the process to pump the molten Nylon 6 6 product from the polymerization reactor
to an extruder that operates at an extremely high pressure (1000 psia). Hence, P-103 was designed as a
reciprocating pump in order to be able to handle such a large pressure increase. A summary of the pumps
used in the system is provided in Table 5 below.

PFD Label Description

P-100 A/B Centrifugal pump between deionizers

P-101 A/B Centrifugal pump between Nylon salt preparation reactor and
evaporator

P-102 A/B Centrifugal pump between crystallizer and polymerization reactor

P-103 A/B Reciprocating pump between polymerization reactor and extruder

Heat Exchangers

Multiple heat exchangers were utilized in the process to either add heat to a process stream or to
condense the steam that was produced by a process in the system. The key sizing parameter for a heat
exchanger is the overall heat transfer area. The design equation to calculate the overall heat transfer area

is shown in Equation 3 below [8].
q
A =
© " U,ATjm (3)

Where:
A, is the overall heat transfer area
g is the heat duty required
U, is the overall heat transfer coefficient
AT;,is the log mean temperature

The heat duty can be estimated from the known conditions for each process stream, where the flowrate
is known, using Equation 4 below.
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q= rricp(Tin — Tour) (4)

Where:
ni is the mass flowrate of the considered stream
C, is the specific heat capacity
T;y is the inlet temperature of the stream of interest
Tout is the outlet temperature of the stream of interest

Once this heat duty for the process stream is known, Equation 4 is then applied to the utility stream to
calculate the mass flow rate of the desired utility.

Two heat exchangers in the process use medium pressure steam, including E-100 and E-101, to heat up
process water prepared for the deionizer tower T-100 and the deionized water prepared for the mixing
of adipic acid and HMDA solution. One heat exchanger, E-102, uses high pressure steam to add heat to
the Nylon salt feed entering the crystallizer body. The saturated steam used in these three heat
exchangers goes through a condensing process. Assuming the utility steam used is pure and the pressure
drop is negligible, the condensation process can be estimated as an isothermal process. In order to
account for phase change involved in the condensing process, latent heat of vaporization (hfg’) must be
considered in the calculation of heat duty. Hence, the following equation must be utilized to calculate the
required saturated steam utilities instead of Equation 4 above.

q=mhs, (5)

Three condensers were used (E-103, E-104 and E-105) to condense the water vapor produced by the
process. Similar strategies of sizing a heat exchanger discussed above were applied for the sizing and
costing of the condensers. A heuristic value of 150 Btu/hr.ft2.°F was assumed for the overall heat transfer
coefficient in all heat exchanger design since the process of condensing steam was involved in each heat
exchangers [2].

The design operating pressure of each heat exchanger was the bubble point pressure at the considered
steam temperature for the steam to be at its saturated condition. Only in the case where the condenser
is used to cool the water vapor out the of the polymerization reactor, E-104, was the pressure of the
reactor given priority. Hence, the operating pressure was calculated based on the design operating
pressure of the reactor by assuming a 2 psi pressure drop in the return line from the reactor. A summary
of the heat exchangers used in the system is provided in Table 6 on the following page.

PFD Label Description
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E-100 Fixed Tube Heat Exchanger
E-101 Fixed Tube Heat Exchanger
E-102 Fixed Tube Heat Exchanger
E-103 Fixed Tube Heat Exchanger
E-104 Double Pipe Heat Exchanger
E-105 Diphenyl Heater

Deionized Water System

Deionized water was chosen for this system since it has lower operating costs than other water
purification options. The deionized water system consists of two mixed-bed deionizers in series. The two
deionizers both have a cation and anion resin. The resins consist of 40% hydrogen (cation) and 60%
chloride (anion). Mixed-bed deionizers offer the desired pH and purity that is necessary for a polymer
producing process. The pump between the two (P-100 A/B) mixed-bed deionizers is used to overcome the
hydrostatic head between the first deionizer and the second deionizer. A pressure drop of 5 psi was
assumed across each tower [2]. A mixed-bed deionizer was chosen in order to completely purify the water
used for the solutions of HMDA and adipic acid that will be further processed into Nylon 6,6 [9]. The
deionized water system equipment is listed in Table 7 with the PFD Labels.

PFD Label Description

T-100 Mixed Bed Deionizer with Chloride and Hydrogen Resin

T-101 Mixed Bed Deionizer with Chloride and Hydrogen Resin
Dry Storage System

It was determined that adipic acid and HMDA are crystalline solids at room temperature [10]. Also, since
the reaction was chosen to run continuously, it is necessary to have bulk storage tanks within the plant to
hold these raw materials, TK-100 and TK-102. It was determined that a maximum of six days, or close to
one week, of solids needed to keep the process continuous would be stored in bulk on the plant. The
storage was limited to six days in order to minimize the amount of HMDA needed to be stored under
hygroscopic conditions [4]. This also helped to minimize the capital investment of the plant. Along with
this, the six day time period of storage was justified as being large enough to keep the system running
continuously for times when inclement weather or natural disasters are expected to delay delivery of raw
materials to the plant. Shipments of both adipic acid and HMDA should be scheduled to be delivered every
four days, leaving an amount of two days of raw material in the storage tanks before each delivery [2].
The specific diameter and length of these bulk storage tanks were determined by taking the volume
needed for six days of solid storage and finding them such that L/D is close to 4. These storage tanks are
vertical on concrete pads due to the capacity being greater than 10,000 gallons [2]. The storage tank for
HMDA (p equal to 0.89 g/cm”3) is larger than for adipic acid (p equal to 1.366 g/cm”3) due to its lower
density [5, 11]. Carbon steel was selected for TK-100 because adipic acid is compatible with carbon steel
with only slight corrosion [12]. On the other hand, HMDA requires being stored in a tank with a phenolic
lining due to its need for hygroscopic conditions [13]. Carbon steel was selected for this storage tank, TK-
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102, as well due to this resin limiting the effect of HMDA on its environment. In addition, this tank requires
storage under a nitrogen blanket to limit moisture from entering the storage tank and affecting the quality
of the raw material [14]. The detailed calculations for sizing and costing these equipment, TK-100 and TK-
102, can be found in Table A.5 and A.6 in the Appendix of this report.

Hoppers are the most common way to transport solids within a process to a mixer or reactor [15]. It was
determined that two hoppers are necessary in the process of producing Nylon 6 6, TK 101 and TK-103, for
controlling the mass of solid adipic acid and HMDA that will be added to two mixers with deionized water.
Due to the typical hold-up time of hoppers being from one to three hours, a mid-range value of two hours
was selected [15]. This hold-up time of two hours helps to further justify the need for the bulk storage
tanks as opposed to single means of storage for each of the two solid raw materials. These hoppers were
treated as vertical cylindrical storage tanks for the purposes of this preliminary design and were sized with
an L/D factor equal to four. However, further detail needs to be taken to determine qualities of the
hopper, such as the configuration and the outlet feeder, which will provide for a constant mass flow out
of the hopper [15]. These parameters will also help to limit dead zones within the hopper where solid
material does not flow. Another important way to limit dead zones within the hoppers is to keep the
ambient temperature below the melting temperature of the solids. Adipic acid has a melting point of
304°F to 309°F, thus this is not a case for concern [5]. However, HMDA has a melting point of 108°F to
113°F [4]. The record high of the ambient temperature in Calvert City, KY is just below this melting
temperature [16]. Thus, methods of cooling the hopper and bulk storage tank of HMDA should be
investigated during detailed design to determine whether or not they are necessary. The detailed
calculations for sizing and costing these equipment, TK-101 and TK-103, can be found in Tables A.9 and
A.10 in the Appendix Section of this report.

In addition, screw conveyors were chosen to move the bulk solids into the system. These types of
conveyors provide the power necessary to transport adipic acid and HMDA while also having the ability
to be completely enclosed. This is an important factor when dealing with these chemicals which are toxic
and corrosive. HMDA also needs to be protected from the atmosphere because it is hygroscopic. The
specifications for design were determined from a design guide by Conveyor and Manufacturing
Company. The capacity required corresponds to a screw diameter of six inches. In order to ensure that
the screw conveyor will transport the materials at the rate expected, it is necessary to set the angle at or
less than 15 degrees above the ground. The length of the conveyor is based on the maximum angle of 15
degrees, and estimating how high the material would need to be transported based on the height of the
hopper. The drive power was sized based on the density and flow rate of the material as well as accounting
for the angle of elevation. The detailed calculations for sizing and costing these equipment, MP-100 and
MP-101, can be found in Tables A.7 and A.8 in the Appendix Section of this report. Table 8 on the following
page shows the list of equipment involved in this system.

PFD Label Description
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TK-100 Adipic Acid Dry Storage Tank

TK-101 Adipic Acid Hopper

TK-102 HMDA Dry Storage Tank

TK-103 HMDA Hopper

MP-100 Screw conveyor to deliver Adipic Acid to M-100

MP-101 Screw Conveyor to deliver HMDA to M-101
Mixers

The two mixers used in this system, M-100 and M-101, are utilized to dissolve the adipic acid and HMDA
solids in the system before they are mixed in the Nylon salt formation reactor. The key parameter used in
sizing these mixer type reactors was the solubility of the raw materials. Adipic acid has a solubility in water
of about 23 g per liter of water at 77°F [5]. It is crucial in this process to drive the solubility of adipic acid
in water further by increasing the temperature of the water because this results in a smaller amount of
deionized water needed in the process. This also causes the equipment further on in the process to be
smaller because less water is required to be removed in the Nylon salt crystallizer. Thus, the deionized
water is heated to 50°C or 122°F, at which the solubility of adipic acid in water is about 82.7 gin 1 L of
water [17]. However, the amount of adipic acid added in the mixer, M-100, is limited to 90% of this
maximum solubility, or 74.4 grams per liter of water to ensure proper dissolving of the solid. HMDA, on
the other hand, has a relatively high solubility compared to adipic acid, at 637 at 20°C or 68°F [18]. Thus,
the mixer used for this solution, M-101, was sized to be much smaller than that for the adipic acid. Due to
a lack of solubility data for HMDA at 122°F, it was assumed that at least 637 g of it would be fully soluble
in water at this temperature, hence this is what was used in calculating the volume of the reactor. A typical
residence time of 30 minutes was selected for sizing calculations of these two mixers [19]. The final
parameter needed to size these mixers was the mass flow rate of solids required for the polymerization
reaction. Once this was determined from the Polymath calculations (see Figure A.1 in Appendix), and
along with the solubility ratio of the solids to deionized water and the density of these solids, the volume
of fluid within the mixers was calculated. This volume was then doubled to allow for half of the mixer
volume to be used for liquid holdup [2]. The diameter and length of these mixers were then calculated
based on the assumption that the L/D factor should be equal to two [2]. Both of these mixers were costed
based on the information in Analysis, Synthesis and Design of Chemical Processes for carbon steel
construction [2]. The operating cost for these mixers was found from the electricity needed for the drives
of the mixers at their given capacities. The detailed calculations for sizing and costing these equipment,
M-100 and M-101, can be found in Tables A.11 and A.12 in the Appendix Section of this report.

PFD Label Description
M-100 Deionized water and Adipic Acid Mixer
M-101 Deionized water and HMDA Mixer

Nylon Salt Preparation Reactor
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The Nylon salt solution producing reactor, R-100, was sized on the same principles as the adipic acid and
HMDA mixers that feed to it. The total volumetric flow rate in is equal to the sum of the volumetric flow
rates out of M-100 and M-101. It was assumed that the kinetics of this reaction could be simplified to
instantaneous formation of the Nylon salt because the adipic acid and HMDA are already dissociated into
the positive and negative ions before entering R-100. Thus, the reactor was treated as the mixers and a
residence time of 30 minutes was assumed with a holdup time of 30 minutes as well. The required volume
of the agitated reactor is outside of the costing correlations used from Analysis, Synthesis and Design of
Chemical Processes. This is due to the large quantity of water required to dissolve the solid adipic acid in
the prior mixer, M-100. A jacket is provided on this reactor in the case of needed cooling water to cool
the mixing reaction [20]. The operating cost for this agitated reactor was found from the electricity needed
for the drive at its given capacity. The detailed calculations for sizing and costing of this piece of
equipment, R-100, can be found in Table A.13 in the Appendix Section of this report.

PFD Label Description
R-100 Reactor to produce Nylon Salt

Evaporative Crystallizer System

The main objective for the utilization of a crystallizer in the system was to prepare Nylon salt from an
equimolar aqueous solution of adipic acid and HMDA to proceed into the polymerization CSTR. The
technique of crystallization for separation of the Nylon salt and water is more suitable for this project over
other separation techniques due to a significant difference in melting point between water (0°C) and
Nylon 6 6 salt (190°C) [21].The crystallization was designed to be carried out on a continuous basis. Most
process plants favor continuous equipment due to the fact that the operating conditions are adjustable,
less operating labor force is required, and usually, the process is more economical in terms of overall
energy use and product characteristics [22]. The type of crystallizer chosen was the forced-circulation
crystallizer functioning as an evaporative crystallizer (also known as a forced-circulation evaporator).
Besides the fact that forced-circulation evaporator is widely used in the industry and is normally a less
expensive type of separation equipment available, other characteristics of this specific type of crystallizer
were considered to better support the process of this project. These characteristics include its probability
to handle a large rate of evaporation and solutions with high viscosity. It is also favorably used for when
an intermediate is formed [23]. The aqueous Nylon salt solution that leaves the reactor R-100 can be
considered an intermediate product of adipic acid and HMDA.

The equipment design of the crystallizer starts with the feed of aqueous Nylon salt solution coming from
the mixer. This feed first passes through a circulation pump and is heated in a heat exchanger before
entering the crystallizer body. Evaporation of the water solvent occurs at the top surface of the salt slurry,
while nucleation takes place near the bottom of the crystallizer body. The Nylon salt crystals then are
removed from the bottom of the equipment while the water vapor goes through a condenser out the top
of the crystallizer. The forced-circulation evaporator design procedure involved the sizing of crystallizer
body, a heat exchanger to add heat to the incoming feed, and a condenser for the water evaporating and

18



being removed out of the top of the crystallizer body. A summary of the equipment involved in the
crystallizer is detailed below in Table 11.

PFD Label Description

R-101 Evaporator Crystallizer
E-102 Fixed-Tube Heat Exchanger
E-103 Condenser

The key design variable in sizing the crystallizer body is the maximum vapor velocity of the water solvent
in the Nylon salt solution. The maximum vapor velocity was calculated using the following equation:

D;—D
Vinax = Cu( -4 )1/2 (6)
Dy
Where:
Vmax is the maximum vapor velocity of the vapor leaving the liquid surface of the salt solution
Diis the liquid density of the solvent
Dgis the vapor density of the solvent

C. is a constant depending on loading, pressure, and allowable entrainment.

A C, value of 0.08 ft/s is found and recommended for vapor pressure [22]. Since the key capacity
parameter for costing the forced-circulation evaporator is the cross-sectional area of the crystallizer body
[2]. The required minimum design of cross-sectional area must be able to handle the vapor traffic across
the top portion of the crystallizer. An estimated value of 9 ft was used as the starting point for the
diameter for the crystallizer body. The value of diameter was varied and adjusted until the cross-sectional
area satisfied the expectation of handling the water vapor load.

According to the heuristic of sizing a crystallizer, the operating condition is suggested to be about equal
to the melting (freezing) temperature of the solute [23]. Melting temperature of Nylon salt is found from
literature to be approximately at 374°F [24]. The overhead pressure of the crystallizer body can be
estimated via the bubble point calculation of the water in the condenser (E-104). Since the evaporative
crystallization can generally be done at a constant temperature condition, the water that evaporates out
of the top of the crystallizer body and goes through the condenser is assumed to have the same

temperature as the process occurring inside the crystallizer body, which is at 374°F.The bubble point

pressure at 374°F was then determined for the water vapor in the condenser. Assuming a 2 psi pressure
drop through the returning line, the pressure of the overhead crystallizer body was then calculated.
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Polymerization Reactor

The role of a reaction vessel in this system is to carry out the polycondensation reaction of the
hexamethylenediammonium (Nylon 6 6 salt) to produce Nylon 6 6. Hence, the polymerization reactor
should be considered the most important piece of equipment and its design and costing was given priority
within this project. Sizing the reactor for the polymerization of Nylon 6 6 depended on the type of reactor,
space time, and chemical kinetics for the polymerization of Nylon 6 6. The design pressure and
temperature required to create the most desirable reaction conditions were also accounted for. The
objective of the reactor design was to meet the required product rate specification of 85 MMlIbs per year
of nylon 6 6 and to achieve a high-quality nylon 6 6 product (high number-average degree of
polymerization and molecular weight). The design operating pressure and reaction temperature should
be optimized within the scope of process safety and environment. Table 12 summarizes the equipment
required for the polymerization reactor system of the process. A detailed explanation of the design

methodology follows.

PFD Label Description

R-102 Polymerization Reactor
E-104 Double Pipe Heat Exchanger
E-105 Fixed Tube Heat Exchanger

A continuous-stirred-tank reactor (CSTR) was chosen in this project to carry out the polymerization
process to produce molten Nylon 6 6. Some of the characteristics and advantages of a CSTR were

considered to support the choice of it as a polymerization reactor including: [25], [1] and [26.]

e  Economical and widely used for high-capacity plants while batch reactors are known
particularly for low production capacities

e Well-mixed conditions can help prevent problems when the polymers produced become
viscous, which would not be mitigated by a plug-flow-reactor (PFR)

e Mixing enhances the heat transfer characteristics and creates easier temperature control by
helping to avoid hot spots

e The water solvent and water by-product in the polymerization reaction can be boiled to remove

the heat of polymerization
e Constant copolymer composition can be achieved in a CSTR while a varied composition mixture

might be produced by PFRs or batch reactors

20



Since the residence time distribution is wide for CSTRs, one well-known disadvantage when using this type
of reactor is that a high conversion will be difficult to attain. However, in a step-growth polymerization,
the conversion of monomer does not indicate much about the yield of the desired polymer. This is due to
the fact that it is the functional reactive end-groups from each end of the monomers that react with each
other. Thus, the reaction will still proceed even when all the monomers have been consumed because it
is the end groups that are reactive [27].

A chemical reaction algorithm was developed in this project to study several variables in the system. These
include space time, design temperature of the incoming feeds, heat transfer fluid used, reactor volume,
the mass flow rate of the incoming feed, as well as the reaction temperature. The step-by-step algorithm
model equations described below were solved using the computation software, Polymath. The kinetic
parameters and rate law model were obtained based on Steppan's kinetic and equilibrium models for
Nylon 6 6 polymerization [28].

Chemical Reaction Engineering Algorithm Model for Nylon 6 6 Polymerization in a CSTR
[28], [29] and [30]
1. Chemical Reactions Conventions:

a+cSsl+w (7)
Where:
a is amine end-group (-NH2)
c is carbonxyl end-group (-COOH)
| is the amide linkage
w is the water molecule

2. Design Specification and Initial Condition:
(85E6 lbm/year)

- (365 days/year) * (24 hours/day) * (service factor) (8)

Fy

Where:
T = 5 hours
T, = 190°C = 374 °F
T, = 300°C = 572°F

3. Mole Balance for CSTR:

Fao - Fa
=% 2 9
— (©)
_ Fco - Fc (10)
- Fio, — F (11)
E,, — E
p=2x v (12)
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4. Rates Law:

k
ry = Cr * m * (xgxe — x1%y, /K)

k =k, *exp( (
K =K, *xexp (AHO *
ko = exp (2.55 — 0.45 tanh(25(x,, — 0.55)) ) + 8.58 tanh(50(x,, — 0.10)) — 1)(1 — 30.05x,)

K, = exp(1 —0.47 xexp (—

AH, = 7650 tanh(6.5 * (x,, — 0.52)) + 6500 exp (—
T, = 200°C = 392 °F

kcal
E=214——
mol

R = 0.001987 kcal/mol. K

5. Stoichiometry:

Cc=C,+C.+(C;+C,

Cq
X, = —
a Ct
X, C,
G
X = —
Xy = C,
Fa - Ca * vo
FC - CC * UO
F=Cxv,

)

) * (8.45 — 4.2x,,))

(19)
(20)

(21)

(22)

(23)
(24)
(25)
(26)
(27)
(28)
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6. Energy Balance:

UA(Ta - T) — Fao (Cpa + Cpc)(T - To) + VAH xn?y =0
AH,yy, = 4184 AH, + (Cp; + Cpy, — Cpq — Cp)(T —T})

Ji
Cp, = 68.14 —.K
Pa mol

Ji
Cp. = 275.37 —.K
Pe mol

Ji
Cp, = 37792 — . K
Pu mol
Cp,, = 75.4 L K
Pw " mol’

(29)

(30)

The Polymath coding and reports are provided in Figure A.1 in the Appendix section of this report. For the
purposes of clarity, Table 12 has been provided on the following page to define the variables and their

meaning within the CRE Algorithm.
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Term | Definition Unit Source
F;, | Initial molar flowrate of species i mol/s
F; Molar flowrate of species i mol/s
Ci, | Initial concentration of species i mol/m?3
C; Concentration of species i mol/m3
C; | Total concentration mol/m?3
T Reaction rate for component i mol/m3.s
X; Mole fraction of component i mol/mol
T, Initial temperature Kelvin [31]
T, Medium fluid, Dowtherm, temperature Kelvin 2]
T, Referenced (ref.) temperature Kelvin [28]
T Reaction temperature Kelvin
k, Rate constant at ref. temperature hrt 28]
K, Equilibrium constant at ref. temperature [28]
4 Rate constant hrt [28]
K Equilibrium constant [28]
E Activation energy kcal/mol [29]
R Ideal gas constant kcal/mol.K
AH, | Heat of reaction at ref. temperature cal/mol 28]
AH,..,, | Heat of reaction J/mol
T Residence time, or space time second [29]
vV Liquid volume in the reactor m3
U, Space time velocity m3/s
U Overall heat transfer coefficient W/m2.K 21
A Reactor heat-exchange area m?
Cp; | Heat capacity J/mol.K

The polycondensation of nylon 6 6 salt can be carried out at high temperature (392°F -509°F) and high
pressure (213-284 psi) [29] and [24] and [32] and [3]. Also, it was desired to maintain the reaction
temperature below the degradation temperature of the reaction components. This is especially important

for the adipic acid and Nylon 6 6, whose melting temperatures are approximately 554°F.

The reaction temperature was adjusted by varying the initial temperature of the incoming feeds
(stoichiometric equivalent nylon salt slurries), and the initial temperature of the heat exchange fluid
(Dowtherm flowing through the reactor’s jacket). The Nylon salt feed that comes in to the polymerization
reactor is prepared from the evaporative crystallizer, which is set to operate at the melting point

temperature of Nylon 6 6 salt. Hence, melting point of Nylon 6 6 salt, which is at 374°F, should be an

appropriate starting point to specify the feed temperature. Considering that monomers and polymers are
poor conductors of heat [3] and also that the reaction is endothermic at water compositions greater than
52 mol % [28], heat has to be added to the reaction via a Dowtherm jacket. This is necessary to increase

the rate of reaction to a greater value. It was desirable for the reaction temperature to be at the higher
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end of the temperature range in order to increase the reaction rates, but not so high that the reaction
components start to degrade. This degradation produces carbon dioxide (CO;) [30], and should be
monitored to avoid unsafe reaction conditions.

Considering that the condensation of Nylon salt proceeds only if the by-product water is removed, the
operating pressure, was decided such that at the determined reaction temperature, water will vaporize
and be removed from the reactor. The design pressure must be lower than or equal to the vapor pressure
of water at the reaction temperature. The design operating pressure of 250 psi was decided due to the
findings from a more recent source [24] for the process pressure of polymerization to produce Nylon 6 6,
which satisfied the design expectations for operating pressure.

Flowrate and Reaction Rate of Value
each Components
F,,, mol/s 6.21
F.,, mol/s 6.21
F,,, mol/s 0
F,o, mol/s 6.21
F,, mol/s 0.52
F., mol/s 0.52
F;, mol/s 5.69
E,,, mol/s 11.90
7, , mol/m3.s 0.22
7., mol/m3.s 0.22
1, mol/m3.s -0.22
7,,, mol/m3.s -0.22
| Table 15: Desired Product (Nylon 6 6) Quality |
Quality Value
Instantaneous Yield 1
Overall Yield 1.00
Number-average degree of polymerization 11.87
Number-average molecular weight (g/mol) 2687.02
| Table 16 : Polymerization CSTR Equipment Design Specification |
Sizing Parameter Value Justification
Reactor volume, ft3 780
Space time, hours 5 Reaction reaches equilibrium after 5 hours [29]
Liquid Level, ft 8
Diameter, ft 8 Heuristic for reactor: liquid level equals diameter [2]
Height, ft 15.5 Assuming the height is double the liquid level
Wall thickness, ft 1.5 Heuristic for reactor: less than % of diameter [2]
MOC Stainless Steel Due to the acid component (Adipic acid)
Process Conditions Value Justification
Temperature, °F 515 [Polymath]
Operating pressure, psia 250 [28] and [29]

25



Mechanical Processing

Extruder

After exiting the polymerization reactor, the molten Nylon passes through a reciprocating pump to
increase the pressure significantly. The reciprocating pump is necessary in order to allow for such a large
pressure change. Reciprocating pumps work well for medium capacities and clean liquids. The molten
Nylon then enters a single-screw, rapid compression extruder. The extruder consists of three sections,
feed, compression, and metering. Due to the high viscosity of Nylon 6, 6, the polymer should be
compressed quickly in order to avoid plugging within the extruder. High pressures are used within the
extruder to ensure that the molten Nylon is compressed for the casting wheel system [33]. The exiting
Nylon from the extruder is still molten, but now it is in thinner strand to be cooled down and solidified
during the next mechanical processing step. The extruder requires a drive in order to operate at these
conditions [34].

Casting Wheel

The casting wheel spins the molten Nylon strands on a wheel in order to prepare sheets to be chopped.
The Nylon is sprayed with cooling water that immediately vaporizes because of the high temperature of
the material at the extruder outlet. The Nylon solidifies due to this cooling process. The steam is treated
and recycled using a condenser in order to minimize operating costs. The casting wheel is kept near a
constant pressure because of the condenser. It will be in a place of limited traffic to avoid anyone being
exposed to the high temperatures [35]. The casting wheel is powered by a drive that allows the wheel to
turn at a constant speed in order to properly form the Nylon sheets. The casting wheel drum is also cooled
from the inside to avoid overheating of the wheel. The amount of cooling water necessary was based on
conduction heat transfer. The drum is hollow, so process water can flow through in order to ensure that
the equipment exhibits minimal temperature change and damage.

Chopper

The sheets of solidified Nylon pass through a chopper that cuts the Nylon sheets into granules that will be
further processed and sold to the specified customer. The chopper is powered by a drive in order to reach
the necessary constant cutting speed [36]. The pressure and temperature remain constant during this
process since it is a quick procedure.

Dryer

A continuous vacuum drum dryer is used to completely dry the granules. This is an important step in order
to ensure that there is a minimal amount of moisture in the granules. A significant moisture level will
degrade the Nylon over time, so a lengthy drying time is necessary. The granules will be dried for ten
hours, and then the temperature of the granules will be reduced before entering the storage container to
avoid degradation. The granules are dried by using steam that passes through the jacket of the dryer. The
dryer is also agitated in order to ensure consistent drying of all the granules. The dryer is powered by a
drive. Dryers generally exhibit a pressure drop of 5 psi during this process [37].
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Nylon Granule Storage Hopper

The dried granules are stored in a hopper to allow for quick delivery to trucks. The storage hopper was
sized to hold four days’ worth of pellets. The inventory is kept low in order to allow for quick turnover of
the product. The hopper is made of carbon steel and is kept at a constant temperature of 158 °F to ensure
the granules keep the optimum properties of Nylon. The hopper will be enclosed to ensure water moisture
remains out of the granules.

PFD Label Description

P-103 A/B Reciprocating pump between polymerization
reactor and extruder

MP-102 Single-screw, rapid compression extruder

MP-103 Casting wheel

E-105 Condenser for steam condensate leaving the
casting wheel

MP-104 Chopper

MP-105 Vacuum, Paddle Drum Dryer

TK-104 Storage Hopper for Nylon granules
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Equipment Specification Sheet

Tanks/Towers TK-100 TK-101 TK-102 TK-103 TK-104 T-100 T-101
Volume (ft3) 12164 344 14867 424 13784 177 177
Temperature (oF) 70 70 70 70 158 100.4 100.4
Pressure (psia) 14.7 14.7 14.7 14.7 9.7 100 100
Orientation Vertical vertical vertical vertical vertical vertical vertical
Height/Length (ft) 60.5 17.5 65.5 15 65.5 9 9
Diameter (ft) 16 5 17 6 16.5 5 5
MOC CS Cs () CS () CS (&)
Mixers/Reactors M-100 M-101 R-100 R-101 R-102
Type reactive reactive jackt.ag. FCP jackt.ag.
Volume (ft3) 1645 249 1901 1438 780
Temperature (oF) 122 122 122 374 515
Pressure (psia) 90 90 90 183.4 250
Orientation Vertical vertical vertical vertical vertical
Height/Length (ft) 19 10.5 20 14 8
Diameter (ft) 10.5 5.5 11 11 15.5
MOC CS Cs () SS SS
Heat Exchangers E-100 E-101 E-102 E-103 E-104 E-105
Type fixed tube fixed tube fixed tube fixed tube Siopl;ble fixed tube
Area (ft2) 337 170 373 2142 31 121
Duty (BTU/hr) 5.06E+06 2.26E+06 1.21E+07 8.81E+07 1.63E+06 2.03E+06
Tube Temp In/Out
(o) 377/377 377/377 122/374 86/113 86/113 86/113
Tube Pressure (psia) 189.7 189.7 196 100 100 100
Tube Phase condensing condensing lig./precip. liquid liquid liquid
Tube MOC CS Cs SS SS SS SS
Shell Temp In/Out
(oF) 52/100.4 100.4/122 489/489 374/374 515/400 212/212
Shell Pressure (psia) 105 95 614.7 181.4 250 14.7
Shell Phase Liquid liquid condensing condensing condensing condensing
Shell MOC CS Cs () SS SS SS
Pumps P-100 (A/B) P-101 (A/B) P-102 (A/B) P-103 (A/B) | Heaters H-100
Type Centrifugal centrifugal centrifugal reciprocating | Type diphenyl
Capacity (gpm) 210.1 195.25 27.23 19.8 Dowtherm Pressure (psi)  152.7
Fluid Density DowthermTemperature
(lbm/ft3) 62 74.96 63.24 71.17 C°F) 572
Temperature (oF) 100 122 374 515 Duty (MJ/hr) 780
Psuction (psi) 95 90 189 250 MOC N/A
Pdischarge (psi) 104 196 259 1002
Shaft Power (hp) 2.1 23.7 2.74 21.72
Efficiency of drive
(%) 90 90 90 90
MOC SS SS SS SS
Mechanical
Processing MP-100 MP-101 MP-102 MP-103 MP-104 MP-105
Type screw screw extruder casting
conveyor conveyor Wheel chopper dryer
Drive (kW) 1.41 1.03 12 75 75 90
Height/Length (ft) 62 62 20 5 3 20
Diameter (ft) 1/2 1/2 2/3 16.5 5 7.5
MOC N/A N/A Cs SS clad N/A N/A
Key:
lig. liquid
precip. precipatate
FCP Forced circulation (pumped)
Jackt.Ag. Jacketed agitated
Cross. cross-sectional
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Equipment Cost Summary

Equipment List PFD Label Type Price- Cbm (2016) | Source
Adipic Acid Bulk Storage TK-100 Vertical Process Vessel S 1,545,086 | [2]
Adipic Acid Hopper TK-101 Vertical Process Vessel S 48,695 | [2]
HMDA Bulk Storage TK-102 Vertical Process Vessel S 1,961,037 | [2]
HMDA Hopper TK-103 Vertical Process Vessel S 59,721 | [2]
Nylon 6 6 Storage TK-104 Vertical Process Vessel S 2,288,822 | [2]
Deionizers T-100 / T-101 Vertical Process Vessel S 99,301 2]
e . (2]
Adipic Acid Mixer M-100 Reactor- Mixer S 1,573,277
(2]
HMDA Mixer M-101 Reactor- Mixer S 674,610
(2]
Nylon Salt Mixer R-100 Reactor- Jacketed Agitated S 577,356
(2]
Evaporator/Crystallizer R-101 Crystallizer with HEX S 1,406,576
- ] 2]
Polymerization CSTR R-102 Reactor- Jacketed Agitated S 722,962
(2]
Process Water HEX E-100 Fixed Tube 78,949
. . (2]
Deionized Water HEX E-101 Fixed Tube S 71,540
(2]
HEX of Feed to Crystallizer E-102 Fixed Tube S 125,633
Condenser for Steam out of [2]
Crystallizer E-103 Fixed Tube S 269,009
Condenser of Steam out of [2]
CSTR E-104 Double Pipe S 23,120
Condenser of Steam out of [2]
Casting Wheel E-105 Fixed Tube S 130,804
. . (2]
Dowtherm Boiler H-100 Diphenyl Heater S 60,755
(2]
Pump to Deionizer T-101 P-100 (A/B) Centrifugal S 19,375
(2]
Pump to Crystallizer P-101 (A/B) Centrifugal S 48,894
(2]
Pump to Polymerization P-102 (A/B) Centrifugal S 49,123
) . (2]
Pump to Extruder P-103 (A/B) Reciprocating S 271,743
(2]
Screw Conveyor- AA MP-100 Screw Conveyor S 16,934
(2]
Screw Conveyor- HMDA MP-101 Screw Conveyor S 16,890
Extruder MP-102 Extruder S 61,131 | [23]
(2]
Casting Wheel MP-103 Horizontal Process Vessel S 406,115
(2]
Cutter/Chopper MP-104 Blender S 241,987
(2]
Dryer MP-105 Dryer-Drum S 155,087
S 13,004,532 | Fixed Capital Cost
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Fixed Capital Investment Summary
The fixed capital investment begins by determining the cost of the individual pieces of equipment in the
process. Most of the equipment was costed by the method in Turton. This begins by using the following
equation:
log,oCy = Ki + K;logyo(A) + K3[logyo(A)]? (31)

Where:

Cy = purchased cost

K= Constants specific to each equipment type
A = Capacity of equipment

If the equipment type was not explicitly listed in the tables, then a comparable type of equipment was
used to provide the K values. The equipment list includes a description of the actual function of the
equipment as well as the equipment type used in the costing tables. Drives were costed and added to the
pieces of equipment where necessary. Each pump cost includes the price of a spare pump. After the
purchased cost is calculated, it can be adjusted to the bare module cost. This cost accounts for the
pressure and material of construction.

The costing of the extruder for polymers was determined from a scale up procedure outlined in Rule of
Thumb in Engineering Practice [23].The free-on-board cost (FOB) for a smaller extruder was given, and
this value was scaled up based on the power required for the drive (Table A.23 in the Appendix). The
parameters used to determine the bare module cost of the extruder are available in Table 20 below. First,
the FOB value for the extruder provided was scaled up to be used for a 12 kW drive as opposed to the 10
kW drive provided. Then, using equation # through #, the bare module cost can be calculated for a carbon
steel extruder. The percentages in equation # and # for the FOB cost were estimations based on
instrumentation, infrastructure, taxes, and insurance costs factored in to the bare module cost [23].

Costing Parameter Description

FOB Free-on-board cost

n Scale up factor

L+M* Free-on-board, cost for carbon steel factor

L+M cost Accounts for instrumentation material and labor
costs

PM Physical Module Cost

BM Bare Module Cost
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The equations used for costing the extruder are listed below:

Sizez

FOB; = FOBreference(-—)n (32)
Slzereference

L+ M Cost = FOB x L+ M* (33)

PM =L + M cost + 0.2FOB (34)

BM = PM + 0.1FOB (35)

After all of the equipment costs were found the grassroots cost could be calculated. The grassroots cost
was used to account for land and building development. It includes the total module cost which accounts
for small alterations to existing plants.

n
CGR = CTM + O.SOZ CgM,l (36)

=1
Where:
Cry = total module cost
Cgu; = bare module cost for base conditions

The total module cost is the bare module cost, contingency costs and fees. The textbook recommends
using 15% and 3% of the bare module cost to account for contingency costs and fees, respectively. Next,
this value can be added to the auxiliary facilities costs to account for the grassroots cost. Auxiliary facilities
costs are calculated by taking 50% of the bare module cost. This percentage can generally range anywhere
from 20% to 100%, however, 50% was assumed to be a conservative estimate and was used in this project.
The grassroots costs represent the fixed capital for the project. The results of performing these
calculations are summarized in Table 21.

Grassroots Cost - Fixed Capital Investment $38,233,000
Total Module Cost $15,345,000
Contingency Costs $1,951,000
Fees $390,000
Working Capital $5,735,000
Cost of Manufacturing without depreciation (COM) $153,600,000
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Safety, Health, and Environmental Considerations

Safety

Inherent safety was addressed in this preliminary design by analyzing potential hazards before the plant
design was implemented (Table 22). A major parameter considered in the polymer production process
was the reaction chemistry. To avoid potential runaway reactions, cooling jackets were implemented as
well as emergency cooling water systems within the control strategy. Working conditions within the plant
for operators were also addressed to ensure that all employees will be able to operate equipment in a
safe manner. Unsafe working conditions can be corrected by providing personal protective equipment for
workers, limiting traffic near the dangerous equipment, and educating visitors and employees on how to
operate the equipment on a daily basis, as well as in an emergency situation. Therefore, by determining
and implementing a plan before the design is even implemented, the plant will be inherently safer.

A preliminary hazard and operability study was conducted in order to predict major potential hazards that
could occur within the Nylon plant. The major concerns for this plant are runaway reactions, high
temperatures, and high pressures within the equipment. These concerns will be addressed through the
use of high pressure and temperature alarms and emergency shutoff systems (Table 23). All visitors and
employees will be educated on how to respond to these emergency situations as well.

A preliminary hazard analysis was conducted in order to analyze the components through the process and
how this would have a major impact on people in the plant, the major pieces of equipment, and the
surrounding community (Table 24). The main concerns were with how to store and handle the
components to ensure dangerous situations are avoided. HMDA, adipic acid, and nitrogen are chemicals
that must be handled with care. The proper personal protective gear must be used when handling the
components to ensure no improper exposure to the chemicals occurs.

These hazard and safety analyses were all conducted for a preliminary design. Before implementing the

Nylon production process, it is recommended that other experienced and knowledgeable engineers and
employees be included in the safety analysis process.
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Hazard

Inherent Safety
Concept

Action

Nylon Salt Reaction is exothermic

Attenuation or
Moderation

Use a cooling jacket on reactor (control valve fails open)

Further R&D to determine how exothermic the reaction is

Polymerization Reaction is
endothermic when water content
is more than 52 mol% [28]

Attenuation or
Moderation

Have an emergency shutoff system of steam jacket if reactor gets too hot

control valve fails open to release cooling water

Temperature sensor

Cutting mill is very loud

Attenuation or
Moderation

Provide appropriate hearing protection for all operators and visitors

Limit traffic to cutting mill to only when necessary

HMDA is a toxic and hygroscopic
component

Intensification or
minimization

Purchase a certain amount of HMDA for a specified time to not have the chemical
around for a long period of time

Use nitrogen to preserve HMDA in storage container; keep moisture out

Substitution

Corrosive to metal-Use phenolic resin to coat storage tanks to resist corrosion

Use stirred tanks to decrease inventory of product as opposed to batch reactors

Waste water leaving evaporative

Intensification or

Needs to be treated to environmental standard in order to be disposed of in any body
of water

minimization

crystallizer minimization Nylon salt is dangerous to aquatic life, so water must be treated if small amount of
Nylon salt is in the condensate
o Needs to be stored in a well vented area
. . Intensification or — - - -
Adipic Acid dangerous to aquatic life; proper disposal will be carried out

can form combustible dust concentrations in air; keep in a well ventilated area

High pressure steam jacket to
heat polymerization reaction

Substitution

Use a different material as opposed to high pressure steam such as Dowtherm

High temperature steam leaving
the casting wheel

Attenuation or
Moderation

control temperature

Condense and reuse steam

High pressure leaving the
extruder

Attenuation or
Moderation

Use a reciprocating pump to handle large pressure drop
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Nylon to degrade and release CO; as
an undesired side product

Guide .. .
Deviation Causes Consequences Actions

Word

Temperature will increase on R-100,
. . . E-103, E-104, MP-103, and E-105 due .

NO No cooling Cooling water fails to engage . Have a high temperature alarm (TAH)
to the lack of heat removal cooling
fluid
Potential runaway reaction in R-102
if P-102 A/B fails

. . More pressure in R-102 if P-103 A/B .

NO No pumping | Pump malfunctions fail Have a high pressure alarm (PAH)
ails
Less pressure in MP-102 if P-103 A/B
fails
High temperature and pressure in E-

MORE More steam | Control valve fails open 102 and R-101 could cause unsafe | Have a high temperature alarm (TAH)
conditions
High temperature in H-100 lead to | Have a high temperature alarm (TAH)

M unsafe  conditions and  high
ore
MORE Heati Temperature control fails temperature in R-102 could cause | Emergency cooling water system
eating

available
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Hazard
Process Hazard Potential Causes Major Effects Preventative Measures Suggested
Category
. . . Keep adipic acid in a closed container
Combustible Dust Transfer of Adipic Acid to L i . .
. . . . Could ignite and cause a fire 1D and keep the vessels in a well-ventilated

Adipic Acid | Formation storage container .
area, use of closed conveyor equipment

Tank

. . Adipic Acid not stored or Toxic to visitors and Keep permissible exposure limit of
Toxic when inhaled e 2D L . :
transferred properly employees if inhaled adipic acid under 5 mg/mA3 in the air
. . Use proper safety handling, and limit
Can cause serious eye Improper handling and .
Loss of eye sight 2D exposure by the storage and
damage storage ] ]
transportation equipment
Full face respirators required when in
Chemical is dangerous | . Difficulty breathing, toxic to area that has an open container of
o improper storage . 2D . .
if inhaled visitors/employees HMDA; Keep permissible exposure limit
to 2.3 mg/m”3
Disposal: Offer surplus and non-
recyclable solutions to a licensed
disposal company. Contact a licensed
o professional waste disposal service to
Dangerous to ) Damages to wildlife and water . . . ] )

HMDA . Improper Disposal 2D dispose of this material. Dissolve or mix

environment supply . . )

Tank the material with a combustible solvent
and burn in a chemical incinerator
equipped with an afterburner and
scrubber.

Hygroscopic Material
I if Exposure to water or . . .
could degrade if not P Poor production, loss of profit | 4C Store under inert gas
kept at proper oxygen
conditions
. Provide appropriate ventilation where
Further processing of ) o ) dust is formed, Firefighting Measures -
solids can produce a Improper handling Could ignite and cause a fire 2D U lcohol-resi ;
combustible gas se water spray, alcohol-resistant foam,
dry chemical or carbon dioxide
Nitrogen . improper storage of o keep in properly rated storage vessels
Dangerous if inhaled . Can cause asphyxiation 3E . .

Tank nitrogen and in a well-ventilated area;

Salt . . Reactor could overheat Reactor becomes over o .

) Exothermic Reaction ) Cooling jacket; fail open to allow for

Formation and become over pressurized or temperature 1E .

occurs . . . cooling water
Reactor pressurized, explosion increases too much
Use steam to cool down the crystallizer
Evaporator could become over ]
. . . and operate at a pressure that is as safe
. . High pressure is necessary | pressurized and cause an . . .
Crystallizer | High pressure system . 1D as possible given the conditions, use
to the process unsafe work environment, . ]
. equipment and materials that are rated
explosion i
for high pressure
. . Not a high enough mole % Emergency shut down system that
Reaction has potential . , .
) . of water entering the Runaway Reaction could occur | 2D allows cooling water to cool down the
Polymeriza | to be exothermic
. reactor reactor
ion
High temperature o Burns, unsafe pressures in Use a Dowtherm jacket to heat reactor
Reactor . Improper utility, improper . . )
necessary for reaction reactor jacket, Nylon degrades | 3C instead of high pressure steam,
reactor controls
to take place and releases CO; temperature control system
Overheating of the Operate at too high of a . Operate extruder at a safe and constant
Damage equipment and Nylon | 4C
screw screw speed speed
Extruder Process malfunction, . . L . L
. Nylon stays in extruder too | Potential plugging in the Avoid plugging in the extruder by
pressure/product build 3D . )
long extruder cleaning with steam after shutdown
up
Equipment produces . Can cause hearing damage to Hearing protection required and limit
. . Not properly contained . 4B .
excessive noise visitors and employees traffic near chopper
Chopper Potential for cut ) . . ) )
. Cutting speed is too high, . Cover chopper, require protective safety
material to escape the | . ) Personal injury 3D . )
. improper containment shields when person in the area
equipment
. Steam from cooling ) ) . )

Casting . water vaporizes when it Keep the casting wheel contained, use

water stream will be ) Burns 3D

Wheel hot touches the Nylon fibers proper condenser, label hot streams

o
. Nylon could degrade and Provide a jacket on the dryer and a
Reaches high Temperature of dryer not L
Dryer temperature could be 3B temperature control system to maintain
temperatures controlled properly .
dangerous to operators a safe temperature level in the system
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Sustainability and Environmental Concerns

All wastewater used in the Nylon plant will be treated using the tertiary water treatment process [2].
Tertiary water treatment involves a filtration, activated sludge, and chemical processing procedure to
ensure the water is not hazardous to the environment. The water produced by the process, cooling water,
and condensed steam will all be treated in the same manner. The most involved wastewater treatment
was chosen due to the excess HMDA and adipic acid that will be in the waste water treatment due to the
polymerization reactor not achieving 100% conversion. The capacity of water produced by the process
will be treated properly at a nearby water treatment plant in Calvert City, Kentucky. The total cost per
year of treating the wastewater is $2,705,000 (Table 25 below for wastewater). This water will then be
disposed in accordance with the Clean Water Act and Pollution Prevention Act.

Wastewater treatment (Tertiary) lbm/yr Cost/yr
Water produced by the process 8.76E+08 [ S 22,000
C.W. Return and condensed steam 1.05E+11 | $ 2,682,000

Environmental considerations and sustainability had to be considered for this process. The raw materials
adipic acid and HMDA are harmful if released to the environment. Special care was taken to control the
storage and transportation of these chemicals. For the process, water will be treated and recycled when
possible. Steam and cooling water will cycle through the heat exchangers and condensers. If blow down
ratio is kept small by controlling process equipment, much of the water can be conserved.

While the scope of this project did not include deriving adipic acid and HMDA from other chemicals, this
could be considered to add an element of sustainability to the process. Adipic acid is typically made from
cyclohexanone in petroleum processing. However, several studies have shown that adipic acid can be
made from biomaterials [38]. Adipic acid for production of Nylon 6 6 has to be of a very high quality and
purity in order to produce a polymer that can be processed. This was originally a problem with bio-based
adipic acid, but more work is being done to improve the process. This breakthrough could significantly
impact the sustainability of Nylon 6 6 production.

Other Important Considerations

Control Strategy Description

The process is controlled using several common controls as listed in Table 26. There are two unusual
control conventions used. One is on hoppers TK-101 and TK-103. The raw materials used in the production
of Nylon 6 6, adipic acid and HMDA, are solids. A mass flow control is used to ensure the correct amount
of each chemical is flowing into M-100 and M-101. This can be done by weight, solid level sensors, or
controlled by a rotary valve or mass flow screw feeder. The best method will depend on the spatial
organization of the plant and the specific flow paths of the hoppers chosen. The other unusual convention
is for the pH control of the Nylon salt reactor, R-100. The Nylon salt has to form in a one-to-one ratio for
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the Nylon polymer to form correctly. It has been studied that at a specific pH, the concentration of adipic
acid and HMDA is one-to-one [39]. Measuring the pH is easier, more reliable, and more accurate than
trying to control just the concentration of the aqueous mixtures coming into the reactor. Solubility data
is available, but the pH is a more reliable control.

Control Variables and manipulated variables are listed in Table 26. Heat exchangers and condensers are
controlled with a feedback loop where temperature of the process stream out needs to be set and flow
rate of steam or cooling water is adjusted to keep the temperature at the set point. Nitrogen blankets in
TK-102 and TK-103 are controlled with pressure. This systems ensures that the HMDA is safely stored and
will not degrade due to its hygroscopic qualities. Level is controlled to M-100 and M-101 by a flow control
valve. Level is controlled in R-100, R-101 and R-102 by control valves that adjust the flow rate out of
reactor on the discharge side of the following pump. Pressure has to be controlled in R-101 because water
has to be at certain conditions to evaporate and create a salt slurry that will flow to R-102. To reach a
certain degree of polymerization, a certain amount of water has to leave the mixture. This requires specific
high pressure and temperatures. If the temperature and pressure are too low, the Nylon salt will not
polymerize. If the temperature gets too high, the polymer will start to degrade, forming CO2 and creating
a build-up of pressure. If too much water is taken out, the reaction moves from being endothermic to
exothermic and may overheat the reactor. Thus the temperature and pressure will be tightly regulated at
the temperatures and pressures listed in the stream tables.

During start up, the polymerization reactor should be carefully monitored so that it does not exceed its
practical stability limit. There is a pressure control, liquid level control and a heater on this reactor in order
to ensure that this does not happen. A cooling system on this reactor should also be considered in the
case that the reactor does start to overheat, and control is lost on the process. The mechanical processing
equipment at the end has temperature controls to ensure that the Nylon is sufficiently dried and cooled
for storage and transport.

The process is designed to be continuous, so each process vessel has the potential to affect what is
happening in the next stage of the process. This is mitigated by the control strategy in several ways to
prevent loss and ensure safe operations. M-100, M-101, and R-100 are sized to withstand extra hold up
time. If something occurs in R-101 or R-102, or there is a malfunction in the extruder, no product is lost.
If there are changes to the flow rate of deionized water, availability of raw materials or poor mixing in R-
100, then R-101 and R-102 have enough controls to adjust the temperature and pressure in accordance
with the new lower flowrates.
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Figure 3: Control Strategy Process Flow Diagram
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Equipment/System

Controlled Loop | PFDID Control Variable Manipulated Variable
Nitrogen
Nitrogen Blanket PC-1 Blanket-1 Pressure in TK-102 Flow of Nitrogen
Nitrogen
PC-2 Blanket-2 Pressure in TK-103 Flow of Nitrogen
Heat Exchangers TC-1 E-100 Temperature of 2 Flow Rate of 3 (Steam)
TC-2 E-101 Temperature of 8 Flow Rate of 9
TC-3 E-102 Temperature of 21 Flow Rate of 25
Condensers TC-4 E-103 Temperature of 24 Flow Rate of 27 (Cooling Water)
TC-5 E-104 Temperature of 31 Flow Rate of 32
TC-7 E-105 Temperature of 41 Flow Rate of 42
Heater TC-6 H-100 Temperature of 35 Electricity/Utility
Dryer TC-8 MP-105 Temperature of 46 Electricity/Utility
Hoppers/Mixers MFC-1 | TK-101 Flow Rate of 13 Mass Flow through line 13
MFC-2 | TK-103 Flow Rate of 17 Mass Flow through line 17
LC-1 M-100 Liquid Level in mixer | Flow Rate of 11
LC-2 M-101 Liquid Level in mixer | Flow Rate of 15
Nylon Salt Formation pHC-1 | R-100 pH in reactor Flow Rate of 18
Liquid Level in
LC-3 reactor Flow Rate of 20
Crystallizer/Evaporator PC-3 R-101 Pressure in reactor Flow Rate of 24
Liquid Level in
LC-4 reactor Flow Rate of 29
Polymerization Reactor PC-4 R-102 Pressure in reactor Flow Rate of 31
Liquid Level in
LC-5 reactor Flow Rate of 37
Abbreviations: LC Level Control
Mass  Flow
MFC Control
Pressure
PC Control
pHC pH Control
Temperature
TC Control
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Startup Including Additional Equipment

The startup for the continuous stirred tank reactor for the polymerization process is semi-batch. The
behavior of the temperature of the reaction and how it reaches steady state is important to this process.
Polymath was used to create a chemical reaction model to analyze the startup conditions of the CSTR, R-
102, that creates the molten Nylon 6 6. The temperature for this start up process was modeled to
determine if there would be an overshoot in temperature that would degrade the polymer on its approach
to steady state operation. Based on the Polymath simulation, which can be found on Figure A.3 and A.4
in the Appendix section of this report, the temperature of the reaction approaches steady state after five
hours.

Location Considerations

The plant will be located in Calvert City, Kentucky. The temperatures are moderate and range around 40
°F in cooler months and around 70 °F in the warmer seasons. Calvert City lies close to tornado alley, so
extra safety precautions will be taken to ensure that there is an emergency procedure for visitors and
employees if dangerous weather conditions were to occur. The average temperature of groundwater in
this region is 52 °F [40], so this was the temperature used for the process water at the plant.

Process optimization

For the process of creating the Nylon salt for the reaction, the solubility of the adipic acid and HMDA in
water is an important consideration. Adipic acid is significantly less soluble than HMDA, thus it requires a
larger mixer to dissolve the solid in deionized water, as well as increases the size of the Nylon salt
formation reactor. Therefore, in order to increase the solubility of the adipic acid in water, the
temperature of this water was increased by addition of a heat exchanger, E-101.

Another important decision in optimization was selecting the jacket fluid used for the polymerization
reactor, R-102. Temperature is a key parameter in ensuring that the reaction is driven to a high enough
temperature that the monomers continue to react. However, if the temperature within the reactor
becomes too high, this will cause degradation of the polymer. This is why Dowtherm was selected as the
jacket fluid because it provides better heat transfer than high pressure saturated steam at a lower
pressure [2].

67% Turndown Case

A turndown case when only 67% of the Nylon 6,6 mass flowrate was available was analyzed to see the
effects of operating the plant. The turndown case is beneficial for when the plant experiences a drop in
demand. In Table 27, the major parameter used for sizing each piece of equipment was recorded to see
the difference in size or capacity when only 67% of the capacity is used. The extruder, casting wheel, and
dryer were not affected by the change due to the operating time and power still being required regardless
of capacity change. During the turndown case, the equipment will be operating at less optimum conditions
throughout the system. The decreased capacity means that all storage tanks will be able to hold more raw
material and Nylon granules. There appears to be no significant concerns for operating these pieces of
equipment at a lower capacity. Further detailed design will need to be conducted to determine if the
pumps will be able to handle a lower capacity. The process will just not be as efficient when it is not
operated at full capacity. Utility costs will decrease due to the decrease in pump power and heat
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exchanger steam or cooling water (Table 28). Due to a lower capacity, the amount of Nylon produced is
not sufficient to produce an economically attractive net present value for a ten year project life. The net

present value was negative $6,299,000 (Table 30). A longer project life may yield a positive net present
value, but within ten years, it is not recommended to run the facility consistently at 67% capacity. It would
be better to operate at full capacity and store the Nylon granules for later use when demand increases.

PFD Label | Major Parameter of Equipment 100% Capacity Case 67% Capacity Case
E-100 Steam Mass Flowrate (Ib/hr) 5943 3950

T-100 Volume (ft*3) 177 131

P-100 A/B | Power (hp) 2.34 1.7

T-101 Volume (ft"3) 177 131

E-101 Steam Mass Flowrate (Ib/hr) 2652 1763

TK-100 Days of Storage Available 6 9

MP-100 Drive Power (hp) 1.9 1.6

TK-101 Hold-up Time (hr) 2 3

TK-102 Days of Storage Available 6 9

MP-101 Drive Power (hp) 1.7 1.5

TK-103 Hold-up Time (hr) 2 3

M-100 Residence Time (hour) 0.5 0.75

M-101 Residence Time (hour) 0.5 0.75

R-100 Residence Time (hour) 0.5 0.75

P-101 A/B | Power (hp) 27 19

E-102 Steam Mass Flowrate (lb/hr) 16641 11061

R-101 Water Vapor Flowrate (Ib/hr) 103579 68847

E-103 Cooling Water Mass Flowrate (Ib/hr) 3.26E+06 2.70E+06
P-102 A/B | Power (hp) 3.0 2.0

R-102 Volume (ft"3) 718 481

E-104 Cooling Water Mass Flowrate (Ib/hr) 60325 41004

H-100 Heat Duty (GJ/hr) 0.78 0.46

E-105 Cooling Water Mass Flowrate (Ib/hr) 7.51E+04 4.69E+04
P-103 A/B | Power (hp) 24.1 16.2

MP-102 Drive Power No changes due to operating conditions
MP-103 Water Vapor Flowrate (lb/hr) 1003 ’ 645

MP-104 Drive Power No changes due to operating conditions
MP-105 Drive Power No changes due to operating conditions
TK-104 Days of Storage Available 4 ’ 53

41




Types/Location Capacity Cost
Steam from boilers lbm/yr S/year
high pressure / E-102 9.21E+07 $1,251,000
med pressure / E-100 and E-101 4.75E+07 $638,000
Cooling tower water lbm/yr
condenser-crystallizer 1.81E+10 $122,000
inside casting wheel 208050 S1
outside casting wheel 5.37E+06 $36
condenser-polymerization CSTR 3.41E+08 $2,300
condenser-casting wheel 3.91E+08 $2,640
Other Water lbm/yr
Process water / into Deionize tank 5.78E+08 $554,000
Thermal system Gl/yr
Dowtherm boiler / Polymerization CSTR 3.84E+03 $47,000
Electrical hp.hr/yr
pump / btw di water tanks 1.41E+04 $631
pump / to the crystallizer 1.61E+05 $7,210
pump / to polymerization CSTR 1.64E+04 $732
pump / to extruder 1.35E+05 $6,022
mixer / aq. HMDA tank 7.66E+03 $342
mixer / aq. adipic acid tank 5.07E+04 $2,266
agitation / ag. Nylon salt cstr 5.84E+04 $2,608
agitation / polymerization cstr 1.35E+05 $6,018
drive / extruder 1.33E+05 $5,950
drive / casting wheel 8.37E+05 $37,000
drive / chopper 8.37E+05 $37,000
drive / dryer 1.00E+06 $45,000
drive / conveyer HMDA 1.25E+04 $558
drive / conveyer Adipic acid 1.33E+04 $595
TOTAL COST $2,783,525
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Cost Item

$/year

Direct Manufaturing Costs

Raw Materials

$63,017,000

Waste Treatment

$1,798,000

Utilities

$2,784,000

Operating Labor

$3,676,000

Direct supervisory and clerical labor

$662,000

Maintenance and repairs

$1,311,000

Operating Supplies

$197,000

Laboratory Charges

$551,300

Total Direct Manufacturing Costs

$73,994,000

Fixed Manufacturing Costs

Plant Overhead Costs

$3,389,000

Total Manufacturing Costs

$3,389,000

General Manufacturing Expenses

Administration Costs

$847,000

Distribution and Selling Costs

$5,827,000

Total General Manufacturing Costs

$6,674,000

Total Costs

$84,057,000

43



Table 30: 67% Capacity Cash Flow Diagram

Project Title:

Manufacturing Facility for Nylon 6 6, Turndown case of 67% capacity

Corporate Financial Situation: Expense
Minimum Rate of Return, i*: 0.15

1
Other relevant project info.: $1,000
MACRS Depreciation Scale at 5 years: 0.2000 0.3200 0.1920 0.1152 0.1152 0.0576

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
End of Year

0 1 2 3 4 5 6 7 8 9 10
Production, "MM Ib/year" 57 57 57 57 57 57 57 57 57 57
x Sales Price, $/lbm Nylon 6,6 1.53 1.53 1.53 1.53 1.53 1.53 1.53 1.53 1.53 1.53 1.53
Sales Revenue = Net Revenue
(S/yr) - 87,134 | 87,134 |87,134 |87,134 |87,134 |87,134 |87,134 | 87,134 | 87,134 | 87,134
-Manufacturing Cost (84,057) | (84,057) | (84,057) | (84,057) | (84,057) | (84,057) | (84,057) | (84,057) | (84,057) | (84,057)
-Depreciation (4,370) | (6,991) | (4,195) | (2,517) | (2,517) | (1,258) | O 0 0 0
-Writeoff

-Working Capital (3,277)
Taxable Income (1,293) | (3,915) | (1,119) | 559 559 1,818 3,076 3,076 3,076 (201)
-Tax @ 40% 517 1,566 447 (224) (224) (727) (1,230) | (1,230) | (1,230) | 80
Net Income (776) (2,349) | (671) 336 336 1,091 1,846 1,846 1,846 (121)
+Depreciation - 4,370 6,991 4,195 2,517 2,517 1,258 - - - -
+Writeoff - - - - - - - - - - -
+Working Capital - - - - - - - - - - 3,277

-Grassroots Cost (FCl) (21,848)
Cash Flow (21,848) | 3,593 4,642 3,524 2,852 2,852 2,349 1,846 1,846 1,846 3,156
Discount Factor (P/F) 1.0000 0.8696 | 0.7561 | 0.6575 | 0.5718 | 0.4972 | 0.4323 | 0.3759 | 0.3269 | 0.2843 | 0.2472
Discounted Cash Flow (21,848) | 3,125 3,510 2,317 1,631 1,418 1,016 694 603 525 780
NPV @ i*= (6,229) Economically not attractive since NPV < 0
DCFROR = 5.91% Economically not Attractive since DCFROR < i*
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Manufacturing Costs (Exclusive of Capital Requirements)

The analysis and evaluation of manufacturing costs for this project were conducted based on the
manufacturing cost correlations available in the textbook Analysis, Synthesis, and Design of Chemical
Processes [2]. Manufacturing costs are categorized into: direct manufacturing costs, fixed costs, and
general expenses. Direct manufacturing costs for this process are outlined in Table 31. The raw materials
costs were based on the provided quote from INVISTA for adipic acid and HMDA.

Raw Material Information Value
HMDA supply rate, metric tonne/year 2.16E+04
Adipic acid supply rate, metric tonne/year 2.72E+04
HMDA purchase price, S/metric tonne $2,500
Adipic acid purchase price, S/metric tonne $1,500
Total Raw Material Cost, $/year $94,808,000

Operating labor costs account for employment costs required for plant operation. The number of
operators was estimated based on the major equipment used in the process (excluding pumps and storage
vessels). The most current hourly labor cost for May 2015 is shown in Table 32 [41]. Through a scale up
procedure of employment cost indexes, the June employment cost index was calculated. The data for the
employment cost index was retrieved from the Bureau of Labor Statistics-Employment Cost Index for
Wages and Salaries as well [41]. The employment cost index used in this project was from June 2016.
Depending on when the start-up of the project will be implemented, an escalation in the employment
cost index would need to be accounted for.

Operating Labor Information Value
Employment Cost Index (June, 2016) 127.1
Employment Cost Index (Dec 2015) 123.8
Operating labor ($/year) $256,000
Operating hours/year 8322
Hourly labor cost (S/hr) (May 2015) $30.73
Operators 14
Number of Operators per Shift 3.08
Number of Major Process Equipment 14
Number of Processing Steps, P 0
Total Raw Material Cost, $/year $94,808,000

45



The cost analysis for waste water treatment is accounted for by using tertiary wastewater treatment.
Other types of direct manufacturing costs that must be accounted for include: direct supervisory and
clerical labor, maintenance and repairs, operating supplies and laboratory charges. These additional costs
are estimated using correlations between the direct manufacturing costs, fixed costs, and general
expenses. In addition, the costs related to patents and royalties were not considered in this evaluation
since this process is well known and patents have expired.

The fixed manufacturing costs and the general manufacturing expenses were evaluated also utilizing the
midpoint values of the correlation factors [2].

In fixed manufacturing costs, the cost regarding depreciation, local taxes, and insurance were not
evaluated utilizing the midpoint value of multiplication factor. The local taxes rate was accounted in the
effective tax rate that was used in the ten-year-project life cash flow diagram which approximately is 40%
regarding the U.S. federal corporate tax rate and additional state corporate taxes [42]. The method of
modified accelerated cost recovery system (MACRS) depreciation with a 5-year class life property was
applied to implement the account for depreciation in the cash flow diagram. Due to this facility being an
industrial environment, no research and development costs will be included in the general manufacturing
expenses.
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Cost Item S/year
Direct Manufaturing Costs

Raw Materials $94,808,000
Waste Treatment $2,705,000
Utilities $4,132,000
Operating Labor $3,676,000
Direct supervisory and clerical labor $662,000
Maintenance and repairs $1,311,000
Operating Supplies $197,000
Laboratory Charges $551,000
Total Direct Manufacturing Costs $108,040,000
Fixed Manufacturing Costs

Plant Overhead Costs $3,389,000
Total Manufacturing Costs $3,389,000
General Manufacturing Expenses

Administration Costs $847,000
Distribution and Selling Costs $8,340,000
Total General Manufacturing Costs $9,186,609
Total Costs $120,615,897
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Economic Analysis

To evaluate the profitability of the project, the NPV, DCFROR and payback period were calculated on an
expense basis. It was assumed that financial situation would be considered as an expense, because
although the facility is grassroots, it was designed at the specification of a company. This new facility
would be considered a branch of the parent company.

Depreciation was calculated using the Modified Accelerated Cost Recovery System (MACRS) using 5 year
depreciation. This was chosen based on the criteria set out by the IRS [43] [44]. Research led to the
assumption of a hurdle rate of 15 %. This rate can change based on increased investment risks, such as
changes in the market, or new competitors [45]. Taxes were estimated at 40%. The washout assumption
was used to estimate a constant profit margin. The net revenue is based on selling Nylon at $ 1.53 / lbm
which was based off of a report from Independent Chemical Information Services [46]. The actual costs
and will vary with economic trends, escalation and inflation, but sales costs can be changed to adjust for
that.

The net present value of the process is $ 12,916,000 with a DCFROR of 30.4%. The discounted payback
period was then calculated to be 4.11 years. This means that after just over 4 years, the facility will have
paid off the initial investment and will be making money based on the discounted cash flow. Table 37 is
the cash flow diagram used for the project. The economics suggest that it is beneficial to continue with
the design of the facility for Nylon 6 6 granules.

Sensitivity

A single variable sensitivity analysis was performed on the DCFROR for manufacturing costs, annual profit,
and fixed capital investment. These variables were estimated to be the most vulnerable to changes. The
results are summarized in Table 35 and the tornado chart in Figure 4. The change in each variable was
estimated separately. A large amount of the manufacturing cost was the raw material cost, so raw
material costs were looked at to find a reasonable amount of change in Manufacturing costs. Adjusting
prices of raw materials by about ten cents per pound created a 10 % change in manufacturing costs. Ten
cents was assumed to be a reasonable change due to the order of magnitude of the prices given by Invista,
in addition to price trends found for raw materials [46]. Fixed capital investment was estimated with the
grassroots equation [2]. The range given for the grassroots estimate was large enough to make 25% a
reasonable variation. This value was used to adjust the grassroots change. The change in annual profit
was based off of predictions and fluctuations found in price reports for Nylon 6 6 [46]. This translated to
a change of 3%.

By analyzing the tornado chart for the three variables, it can be seen that manufacturing costs have the
greatest effect on the DCFROR. Annual profit and capital investment have comparable best and worst
DCFROR values. For the multivariable sensitivity analysis, the best and worst case scenarios were
evaluated for all three variables at once (Table 34). The best case scenario is with manufacturing costs
and fixed capital investment minimized, and annual profits maximized. This created a DCFROR of 97%.
The worst case scenario with increased manufacturing costs and fixed capital investment and lowered
annual profit does not produce an investment that makes money.
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The breakeven costs were found for adipic acid, HMDA, and Nylon 6 6, and are summarized in Table 36.
This means that there is a margin where the process is still profitable if the price of Nylon granules drops
below the predicted value. This is mitigated by only a small rise in the price of HMDA and adipic acid.

Best Expected Worst
Variable $ 108,399,000 $ 120,616,000 $ 130,898,000
Manufacturing Costs S 134,000 S 130,000 S 126,000
Annual Profit S 16,386,000 S 21,848,000 $ 27,310,000
Fixed Capital Investment | 97.11% 30.43% 0%

Rate of Return, %
Variable Best Case Worst Case Range
Manufacturing Costs 67.2% -33.2% 100.5%
Annual Profit 42.8% 16.5% 26.3%
Fixed Capital Investment 43.3% 22.0% 21.2%
Base Case DCFROR is 30.4%

Component Unit, $/Ib
Nylon 1.48
HMDA 1.22
Adipic Acid 0.75

Rate of Return

Manufacturing Costs | A —

Annual Profit |
Fixed Capital Investment -_
-0.332 -0.132 0.068 0.268 0.468 0.668

Figure 4: Tornado Chart for Single Variable Sensitivity Analysis
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Table 37: 100% Capacity Case Cash Flow Diagram

Project Title:

Manufacturing Facility for Nylon 6 6

Corporate Financial Situation: Expense
Minimum Rate of Return, i*: 0.15

1
Other relevant project info.: $1,000
MACRS Depreciation Scale at 5 years: 0.2000 0.3200 0.1920 0.1152 0.1152 0.0576

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
End of Year

0 1 2 3 4 5 6 7 8 9 10
Production, "MM lb/year" 85 85 85 85 85 85 85 85 85 85
x Sales Price, $/Ibm Nylon 6,6 1.53 1.53 1.53 1.53 1.53 1.53 1.53 1.53 1.53 1.53 1.53
Sales Revenue = Net Revenue
(S/yr) - 130,050 | 130,050 | 130,050 | 130,050 | 130,050 | 130,050 | 130,050 | 130,050 | 130,050 | 130,050
-Manufacturing Cost (120,616) | (120,616) | (120,616) | (120,616) | (120,616) | (120,616) | (120,616) | (120,616) | (120,616) | (120,616)
-Depreciation (4,370) (6,991) (4,195) (2,517) (2,517) (1,258) 0 0 0 0
-Writeoff

-Working Capital (3,277)
Taxable Income 0 5,065 2,443 5,239 6,917 6,917 8,176 9,434 9,434 9,434 6,157
-Tax @ 40% 0 (2,026) | (977) (2,096) | (2,767) | (2,767) | (3,270) | (3,774) | (3,774) |(3,774) | (2,463)
Net Income 3,039 1,466 3,144 4,150 4,150 4,905 5,660 5,660 5,660 3,694
+Depreciation - 4,370 6,991 4,195 2,517 2,517 1,258 - - - -
+Writeoff - - - - - - - - - - -
+Working Capital - - - - - - - - - - 3,277

-Grassroots Cost (FCl) (21,848)
Cash Flow (21,848) | 7,408 8,457 7,338 6,667 6,667 6,164 5,660 5,660 5,660 6,971
Discount Factor (P/F) 1.0000 0.8696 0.7561 0.6575 0.5718 0.4972 0.4323 0.3759 0.3269 0.2843 0.2472
Discounted Cash Flow (21,848) | 6,442 6,395 4,825 3,812 3,315 2,665 2,128 1,850 1,609 1,723
NPV @ i*= 12,916 Economically attractive since NPV > 0
DCFROR = 30.4% Economically Attractive since DCFROR > i*
Undiscounted Payback Period (yrs) 2.82
Discounted Payback Period (yrs) 411
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Conclusions

The Nylon 6 6 granule production process yielded a net present value of $12,916,000 and a DCFROR of
30.4%. Since the net present value is positive, and the DCFROR is greater than the hurdle rate, this is an
economically attractive investment. The discounted payback period for this process will be 4.11 years
when estimated with a ten year project life. This process produces 85 MM pounds per year of Nylon 6 6
granules through a continuous extrusion process. The production of this polymer requires a deionization
water system to purify Calvert City process water. A bulk storage system will be implemented to contain
the adipic acid and HMDA, which will then be mixed to form aqueous solutions. The mixture reacts to
form Nylon salt which will then be processed by an evaporative crystallizer system. A polymerization
reactor is crucial to the process to achieve the desired conversion and produce molten Nylon. The
mechanical processing equipment extrudes the molten Nylon and is then cast, chopped, and dried to be
prepared for customers. The Nylon 6 6 produced in this process is sold as granules. The Nylon 6 6 is kept
as granules so that the company’s customers may melt the granules again and be form them into fibers
with varying lengths and diameters, depending on the use. The Nylon granules produced will be colorless,
so dying can be implemented when further processing occurs.

Recommendations

It is recommended that this Nylon 6 6 granule facility be implemented due to the economically attractive
net present value and DCFROR. The granules provide more versatility to potential customers needs when
color, length, and diameter are a concern. In order to decrease raw material costs, it is recommended that
the Nylon plant include an HMDA and adipic acid manufacturing addition. By producing these components
on site, the required input could be better controlled and the materials would be significantly cheaper.
Even though this requires additional equipment, it will still lead to a profitable outcome by eliminating
the extra expense of delivery and going through different vendors. The current plant designed will be in a
location that will allow for adequate space in the design layout to accommodate this future design. Further
research and development regarding space time in the polymerization reactor should be implemented in
order to optimize the polymerization reactor. Additional hazard analyses should be conducted in order to
ensure that the reactors and other high pressure and temperature systems will not result in any dangerous
conditions. It is recommended that all employees and visitors be involved in the safety process to ensure
that everyone is aware of the potential dangers in this plant.
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Equipment Sizing and Costing Spreadsheet Attachments:

Table A.1: Heat Exchanger E-100 Sizing and Costing

Heated process water

E-100: Heat Exchanger (Fixed tube) (shell: steam and tube: Process water )

Sizing: ftr2 m#2
Area 336909 31.300]
Uo (Btu/hr=ft"2*F) 50 (Heuristic from Turten for liquid to liquid)
Temperatures C F
Teoolin 1111 52
Tcool,out 3a 100.4
Temperature approach 153.67 08,6
Thaot,in 15167 377 (med. steam)
Thot,out 191.67 377
Log Mean Temperature 148.97 300.15)
Correction Factor, F 1
P 0.15
R 0.00
P 0.15
Heat Duty (Btu/hr) 5.06E+06
Latent Heat {Btu/lbm) 850.73 high pressure steam
Steam mhot (Ibm/hr) 5943.31 Utility cost
Process water mecold (lbmy/hr) 104466.00 (lessica and Laurent)
Heat Capacity of Water|Btu/lbm*F) 1 Engineering toolbox

Purchased Equipment Costs

Result &y 5 17,331
Variables/Info Equipment Type HEX

Equipment Description fixed tube
[*unit) Area, m2 32.0](in the range)
[to check] min 10

max 1000

K1 4.3247

K2 -0.303]

K3 0.1634

Pressure Factors

Result Fp 1.02f
Fp, process vessals
Variables/Info Equipment Type HEX
Equipment Description shell and tube
psia P med. at. Steam 189.70
psia P process water in 105.00
psia Design pressure, P 155.00)]
(*barg) Design pressure, P 9.67](in the range)
[to check) min 5|
max 140,
c1 0.03381
cz -0.11272]
e 0.08183

Diameter, D

Bare Module Cost

Result Cana 5 57,439.39
Cam, process vessel
Equipment Type HEX
Equipment Description shell and tube
ROC s
Identificaiton number 1
Fas 1
Bl 1.63
B2 1.66|
Purchased Cost, Cp 5 24,19393
Installed Cost, Cay 5 73,949
Year 2001 Cl. 397

Desired year (2016) C.l. 545.1




Table A.2: Deionized Water System T-100 and T-101 Sizing and Costing

Mixed Bed Deionizer

Temperature (°F)

2inseries

100.4 5-7 psi pressure drop

Sizing

Capacity (gpm) 211.4|to 220
Diameter (ft) 5
Height (ft) 9
Volume (ft"3) 122.71
Volume (gal) 917.99

% Anion Resin

60|Chloride resin

% Cation Resin

40|Hydrogen resin

Resin Volume (ft"3)

54

Total Volume (ft"3)

176.71

Costing Vertical Process Vessel
K1 3.4974
K2 0.4485
K3 0.1074
Volume (m”3) 5.00
logCp0 3.86
Cp0 $7,304
P (psig) 85.3
P (barg) 5.9
D (ft) 5.000
D (m) 1.52
Fp 1.5

Purchase Cost:

Identification Number

18|Carbon Steel

Fm 1

Cp (2001) $10,839
$14,882

Installed Cost:

Fm 1

B1 2.25|Table A.4

B2 1.82

Cbm (2001) $36,161
$49,650(0ne Deionizer
$99,301

[nstallationcost ] 534,768
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Table A.3: Pump P-100 Sizing and Costing

Pump between DI water tanks

P-100: Pump Sizing with an elvation change

Sizing I

Inlet Flow Rate of DI water (lom,/hr) 104466.00 Obtained from Heated DI water HEX
Dl water density (Ibm/fe3) 61.99 Engineering toolbox
Inlet Flow Rate of DI water (gpm) 210.10 unit conversion
Inlet pressure of DI stream (psia) 95 Laurent and lessica
DI Water Tank 2 pressure |psia) 100
Height of di water tank 2 (ft) 9.00 Laurent and Jessica
AP hydrostatic (psi) 3.90 Laurent and Jessica
AP Necessary (psia) 2.90 APy PP cranic PP
Epump 0.52 Interpolated From Turton Table 11.9
Wi () 210 Flow Rate*aF /e, ..,
i a9 Estimation from Turton 11.5, midpaint
Wiiechasea (DP) 2.34 Whiso/Earivar
Wi chased (G 1.74 Unit conwersion
Costs: I
Purchased Equipment Costs
Result [ 5 2,576.71
Wariables/Info Equipment Type Pump
Equipment Description Centrifugal
[*unit) Capacity: Shaft power (kW) 1.74
[to check) min 1
max 300
K1 3.3892
K2 0.0536
K3 0.1538
Pressure Factors
Result Fp 0.98
Wariables/Info Equipment Type Pump
Equipment Description Centrifugal
psia Operating pressure 103.50
psia Design pressure, P 153.90
[*barg] Design pressure, P 960
[to check] min 10|
max 100
Cl -0.3935
2 0.3957
a -0.00226
[Funit) Diameter, D (m)
Bare Module Cost
Result Capa 5 14,111.06
Equipment Type Pump
Equipment Description Centrifugal
rMOC 55
Identificaiton number 39
Fae 27
Bl 189
B2 1.35
Purchased Cost, C, s 9,358 .84
Installed Cost, Cgys S 19, 375
Installation Cost 5 9.976.31
Year 2001 Cl 397
Desired year (2016) [ 545.1
Total cost including spare pump & 38,750

60



Table A.4: Heat Exchanger E-101 Sizing and Costing

Heated DI Water

E-101: Heat Exchanger [Fixed tube) (shell: steam and tube: DI water )

Sizing: 2 m*2
Area 155880 15.782
Uo |Btu/hr=ft"2**F) 50 (Hewristic from Turten for liquid to liquid)
Temperatures C °F
Teool,in 38.00 100.4
Teool out 50 122
Temperature approach 141.67 287
Thot,in 191.67 377
Thaot,out 191.67 377
Log Mean Temperature 129.81 265.65
Correction Factor, F 1
P 0.08
R 0.00
P 0.08
Heat Duty (Btu/hr) 2.26E+06
Latent Heat {Btu/lbm] B50.73 low pressure steam
Steam mhot (lbmi/hr) 2652.38 Utility cost
Process water mcold {Ilbmyhr) 104466.00 (lessica and Laurent)
Heat Capacity of Water|Btu/lbm**F) 1 Engineering toolbox
Purchased Equipment Costs
Result [ s 15,731
Variables/Info Equipment Type HEX
Equipment Description fixed tube
[*unit) Area, m2 16.0
(to check) min 10
max 1000
K1 4.3247
K2 -0.303
K3 0.1634
Pressure Factors
Result Fp 101
Fp, process vessels
Variables/Info Equipment Type HEX
Equipment Description shell and tube
P med. P sat steam 139.70
psia P stream in 95.00
psia Design pressure, P 145.00
[*barg) Design pressure, P B.98
(to check) min 5
max 140
C1 0.03881
2 -0.11372
3 0.08183
Diameter, D
Bare Module Cost
Result Cam 5 52,102.78
few, process wessel
Equipment Type HEX
Equipment Description shell and tube
RAOC s
Identificaiton number 1
Fas 1
Bl 163
B2 1.66
Purchazed Cast, Cp 5 21,886.60
Installed Cost, Cay, s 71,540
Year 2001 Cl 397
Desired year | 2016) Cl 545.1

(low p. steam)

(in the range)
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Table A.5.: Adipic Acid Bulk Storage TK-100 Sizing and Costing

ADIPIC ACID - Bulk Storage

Can justify this by saying due to weather conditions etc.
need to be able to operate continuously for a 6 days. Can
let volume go done to 2 days worth and have a shipment

*Source is encyclopedia 11|Density (g/cm”3)

Screw Conveyer:

Solids flow Rate (Ib/hr) 7,200
1.366

Volumetric Flow Rate (ft*3/hr) 84.43

every 4 days. For 6 Days Worth of Material:
Mass (Ib) 1,036,795.68
Volume (ft"3) 12,158
*Max heuristic for vertical is 520 m*3 Volume (m*3) 344.3
*Beyond 10,000 gallon means vertical tank on concrete
pads Volume (gallons) 90,948
Vertical Process Vessel (BULK Solid Adipic Acid Storage)
*V=pi*DA3if L/D equals 4/Volume Needed for 6 Days (ftA3) 12,158
*Found based on cylinder and L/D equal to 4. Rounded up
to nearest ft.|D (ft) 16.0
*Must manually use solver to get this|L (ft) 60.5
*This is slightly different from volume needed based on
rounding|Actual Volume (ft"3) 12,164
Actual L/D 3.78]
*This is in between 0.1 to 520 range in correlations |Actual Volume (m~3) 344
Area of Base (in"2) 28,953
*Should validate that this is safe |PSI on Base (lb/in”2) 35.81
K1 3.4974
K2 0.4485
K3 0.1074
logCp0 5.327,
Cp0 S 212,156
P design (barg) (Atm +50psi) 3.45
D (m) 4.88
Fp 2.53
Installed Cost:
Fm 1]
B1 1.49
B2 1.52
FBM 5.339
Cbm (2001) S 1,132,778
Cbm (2016, using CEPCI of 545.1) S 1,545,086
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Table A.6.: HMDA Bulk Storage TK-102 Sizing and Costing

HMDA - BULK STORAGE

*SDS, relative density at 77F|Density (g/cm*3)

*Max heuristic for vertical is 520 m”3
*Beyond 10,000 gallon means vertical tank on
concrete pads

*V=pi*DA3if L/D equals 4

*Found based on cylinder and L/D equal to 4.
Rounded up to nearest ft.

*Must manually use solver to get this

*This is slightly different from volume needed
based on rounding

*This is in between 0.1 to 520 range in correlations

*Should validate that this is safe

*This price now includes the phenolicresin lining _ $

Screw Conveyer:
Solids flow Rate (Ib/hr) 5,726
0.89
Volumetric Flow Rate (ft*3/hr) 103.07|
For 6 Days Worth of Material:
Mass (Ib) 824,610.24
Volume (ft/3) 14,842
Volume (mA3) 420.3]
Volume (gallons) 111,023
Vertical Process Vessel (BULK Solid Adipic Acid Storage)
Volume Needed for 6 Days (ft/3) 14,842
D (ft) 17.0
L (ft) 65.5
Actual Volume (ft"3) 14,867
Actual L/D 3.85
Actual Volume (m”3) 421
Area of Base (in”2) 32,685
PSI on Base (Ib/in”2) 25.23|
K1 3.4974
K2 0.4485]
K3 0.1074
logCp0 5.414
Cp0 S 259,446
P design (barg) (Atm +50psi) 3.45]
D (m) 5.18
Fp 2.66)
Installed Cost:
Fm 1]
B1 1.49
B2 1.52]
FBM 5.532)
Cbm (2001) $ 1,435,370
1,961,037
Surface Area Inside tank (m~2) 367
Thickness of Phenolic Resign Desired (m) 0.00045)
Volume of Phenolic Resin (m”3) 0.17
Density of Phenolic Resin (g/cm”3) 1.30]
Mass of Phenolic Resin Needed (g) 214,796
Price of Resin ($/X) 15|
Price to Coat ($) S 3,222
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Table A.7 and A.8: MP-100 and MP-101 Sizing and Costing

Screw Conveyor AdipicAcid
Sizing:
Density (g/cm3) 1.36
Density(lb/ft3) 84.86
Capacity (ft3/hr) 56.78
Height(ft) 16)
Length of conveyor (ft) 61.82
Volume (ft3) 12.14
Area(ft2) 97.10]
Costing:
K1 3.61
K2 0.27
K3 0.20
Area (m2) 9.02
Cpo 10991.49
Fbm 1.10
Cbm(2001) 12090.64
Cbm(2016545.1) $ 16,601.03

Drive: AA

Length 32.00

RPM 12.08

Fd 18.00

Fb 2.00

Fm 0.50

Ff 1.00

Fp 1.00

efficiency 0.88

Hpfriction 0.03

HpMaterial 0.15

Fo(from table) 3.00

HP 1.60

KW 1.19

Cost AA

K1 1.96

K2 1.71

K3 -0.23

Cpo 121.86

FBM 1.50

Fp 1.00

CBM 182.79

CBM (2016) $250.97

HMD
Sizing:
Density (kg/m3) 840.00
Density(lb/ft3) 52.42
Capacity (ft3/hr) 103.46|
Height(ft) 16.00
Length of conveyor (ft) 61.82
Volume (ft3) 12.14
Area(ft2) 97.10
Costing:
K1 3.61
K2 0.27|
K3 0.20
Area (m2) 9.02
Cpo 10991.49
Fbm 1.10
Cbm(2001) 12090.64
Cbm (2016 545.1) S 16,601.03

Drive: HMD
Length 32.00
RPM 22.01
Fd 18.00
Fb 2.00
Fm 0.50
Ff 1.00
Fp 1.00
efficiency 0.88
Hpfriction 0.05
HpMaterial 0.17
Fo(from table) 3.00
HP 1.74
KW 1.30
Cost HMDA

K1 1.96
K2 1.71
K3 -0.23
Cpo 140.07,
FBM 1.50
Fp 1.00
CBM 210.10
CBM (2016) $288.48
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Table A.9.: Adipic Acid Hopper TK-101 Sizing and Costing

ADIPIC ACID - HOPPER

*Desired Hold-Up Time based on Jessica's "Storage and
Transport of Solids" Source . This is for half-full. We choose
middle of range to be conservative (1 to 3 hours)

*Found based on cylinder and L/D equal to 4. Rounded up
to nearest ft.

*Must manually use solver to get this
*This is slightly different from volume needed based on

rounding

*This is in between 0.1to 520 range in correlations

Add Uniform mass flow belt to hopper

Adipic Acid Hopper

Vertical Process Vessel (Solid Adipic Acid Storage)

Hold-Up Time (hr) 2
Volume (ft”3) 337.7
D (ft) 5.0

*saying L/D equal to 4, | believe this is given
suggestion on econ book from library (1to 4)

*Height and Diameter would differ if doing conical
hopper shape instead of cylinder

L (ft) 17.5
Actual Volume (ft"3) 344
Actual L/D 3.50}
Actual Volume (m”3) 9.73
K1 3.4974]
K2 0.4485
K3 0.1074
logCp0 4.045
Cp0 11,103
P design (barg) (Atm +50psi) 3.45
D (m) 1.52
Fp 1.135
Installed Cost:
Fm 1]
B1 1.49
B2 1.52
FBM 3.215]
Chm (2001) 35,701
48,695
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Table A.10.: HMDA Hopper TK-103 Sizing and Costing

HMDA - HOPPER

*Desired Hold-Up Time based on "Storage and
Transport of Solids" Source . This is for half-full. We
choose middle of range to be conservative (1 to 3|
hours)

*Found based on cylinder and L/D equal to 4. Should
round to nearest .5 ft?
*Must manually use solver to get this

*This is slightly different from volume needed
based on rounding

*This is in between 0.1 to 520 range in correlations

*This price now includes the phenolicresin lining

Add Uniform mass flow belt to hopper

HMDA Hopper

Vertical Process Vessel (HMDA Storage)

Hold-Up Time (hr) 2|
Volume (ftA3) 412.3
D (ft) 6.0

L (ft)

=
w

Actual Volume (ft"3) 424
Actual L/D 2.50
Actual Volume (m”3) 12.01
K1 3.4974
K2 0.4485)
K3 0.1074]
logCp0 4.107
Cp0 12,786
P design (barg) (Atm +50psi) 3.45
D (m) 1.83
Fp 1.262
Installed Cost:
Fm 1]
Bl 1.49]
B2 1.52]
FBM 3.409)
Cbm (2001) 43,582
59,721
Surface Area Inside tank (m”2) 32]
Thickness of Phenolic Resign Desired (m) 0.00045
Volume of Phenolic Resin (m”3) 0.0142]
Density of Phenolic Resin 1.30]
Mass of Phenolic Resin Needed (g) 18,440
Price of Resin ($/kg) 15|
Price to Coat ($) 276.61

*saying L/D equal to 4, |
believe this is given
suggestion on econ book
from library (1 to 4)
*Height and Diameter
would differ if doing
conical hopper shape
instead of cylinder
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Table A.11.: Adipic Acid Mixer M-100 Sizing and Costing

ADIPIC ACID - Dissolved Solution

Mixer: Preparing Adipic Acid in Solution

Density (g/cm”3)

1.366)

pH

2.7

Max Solubility at 50°C or 122°F (g/L)

Solubility Allowing in Calculations (g/L)

74.43

MW of Adipic Acid (g/mol)

146.14

Desired Residence Time (hr) 0.5
Known Flow Rate of Solid Out (Ib/hr) 7,200
Flow Rate of solid (g/hr) 3,265,849
Flow Rate of Water Needed (L/hr) 43,878
Volume of Water in Reactor (L) 21,939

*Source: Encyclopedia 11

*Source: Solubility use table 2: This is
the low end of experimental data to be
conservative

*Chose this 90% of maximum
solubility. This was an estimate to
make sure completely soluble.

*30 minutes based on "Mixer Settler
Time" Source

*Saying here that liquid level is half of
the height of the reactor.This will give
a hold-up time equal to the residence
time.

*0.04 to 60 mA3

0.04to 60 m"3

Volume of Mixer (including solids) (ft*3) 1,634
D (ft) 10.5
L (ft) 19
Actual Volume (ft/3) 1,645
Actual L/D 1.81
Actual Volume (m”3) 46.59
Reactor-Mixer/Settler for Adipic Acid (Design Textbook)

K1 4.7116
K2 0.4479
K3 0.0004]
Volume (m”3) 46.59
logCp0 5.460
Cp0 S 288,361
FBM (Reactor-Mixer Settler) - Table 4.7 4.0
Cbm (2001) S 1,153,446
Cbm (2016, using CEPCI of 545.1) S 1,573,277
Utility Cost: Horsepower

Volume of Fluid (1/2 of Volume calculated based on fluid) (f 817
Volume of Fluid (gallons) 6,111
HP 9.167
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Table A.12.: HMDA Mixer M-101 Sizing and Costing

HMDA - DISSOLVED SOLUTION

Mixer: Preparing HMDA in Solution

Density (g/cm”3) 0.89| *SDS

pH 12.4

*This is the only known solubility data and is
at 20C so we will say has to be more soluble at
50C so it is safe to assume that this amount

Solubility Allowing in Calculations (g/L) 637|will fully dissolve.
MW of HMDA (g/mol) 116.2]
*30 minutes based on "Mixer Settler Time"
Desired Residence Time (hr) 0.5|Source
Known Flow Rate of Solid Out (Ib/hr) 5,726
Flow Rate of solid (g/hr) 2,597,476
Flow Rate of Water Needed (L/hr) 4,078

*Saying here that liquid level is half of the
height of the reactor.This will give a hold-up

Volume of Solution in Reactor (L) 2,039 [time equal to the residence time.
Volume of Mixer (including solids) (ftA3) 247
D (ft) 5.5

*Solver sets volume calculated by specified
by Land D to equal volume needed based on

L (ft) 10.5|flow rate and residence time, by changing L.
Actual Volume (ft*3) 249

Actual L/D 1.91

Actual Volume (m”3) 7.06 |*0.04 to 60 m"3

Reactor-Mixer/Settler for Adipic Acid (Design Textbook)

K1 4.7116
K2 0.4479
K3 0.0004
Volume (m”3) 7.06/0.04 to 60 m”3
logCp0 5.092
Cpo $ 123,647
FBM (Reactor-Mixer Settler) - Table 4.7 4.0
Cbm (2001) $ 494,589
Cbm (2016, using CEPCI of 545.1) S 674,610
Utility Cost: Horsepower

Volume of Fluid (1/2 of Volume calculated based on fi 123.53
Volume of Fluid (gallons) 924
HP 1.386
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Table A.13.: Nylon Salt Agitated Reactor R-100 Sizing and Costing

NYLON SALT PREPARATION

Jacketed Agitated Reactor: Preparing Nylon Salt Solution

*Use same as residence time as for mixers.

Desired Residence Time (hr) 0.5
Known Volumetric Flow Rate of Adipic Acid (ft*3/hr) 84.43|
Known Volumetric Flow Rate of HMDA (ft*3/hr) 103.07|
Flow Rate of Water Added (L/hr) 47,956
Flow Rate of Water Added (ft*3/hr) 1,693
Total Volumetric Flow Rate in Reactor (ft*3/hr) 1,881
Volume of Solution in Reactor (ft"3) 940.49

*Saying here that liquid level is half of the
height of the reactor. This will give a hold-up
time equal to the residence time.

Volume of Mixer (ft*3) 1,881
D (ft) 11.0
L (ft) 20,
Actual Volume (ft"3) 1,901
Actual L/D 1.82
Actual Volume (m”3) 53.82

Reactor-Mixer/Settler for Adipic Acid (Design Textbook)

*0.1to 35 m”3

K1 4.1052
K2 0.532
K3 -0.0005
Volume (m”3) 53.82
logCp0 5.025
Cp0 $ 105,822

FBM (Reactor) - Table 4.7 4.0
Cbm (2001) S 423,288

Cbm (2016, using CEPCI of 545.1) S 577,356

Utility Cost: Horsepower

Volume of Fluid (1/2 of Volume calculated based on fluid) (ft*3) 940.49

Volume of Fluid (gallons) 7,035

HP 10.553
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Table A.14.: Pump P-101 Sizing and Costing

Utilities Power php, hp 26.53]
Inlet Conditions:

L™ I
Temperature, 50 122
Pressure [psia) a0
Outlet Conditions:

L™ I
Temperature, 50 123
Pressure (psia) 138.00

Sizing

P-101: Pump Sizing with an elvation change

Inlet Flow Rate of salt solution  {lbm/hr} 117392.49 Obtained from salt CSTR
Salt density (Ilbm/ft3) 74.96 See Crystallizer body sizing
Inlet Flow Rate of salt solution (gpm) 1585.25 unit conversion
Outlet pressure from salt CSTR (psia) 90.00 Obtained from Salt C5TR
AP HEX {psi) 5.00
Crystallizer pressure |psia) 191.00 from crystallizer
AP Mecessary (psia), +2 psi 108.00 AP AP e PP
Epumn 0.51 Interpolated From Turbon Table 11.9
Wye (OR) 24.15 Flow Rate 4P fg,,..,
- 039 Estimation from Turton 11.5, midpoint
W chases (MD) 26.83 W o B
Wichuses (KW) 20.01 Unit conversian
‘Costs:
Purchased Equipment Costs
Result (ol 5 5,239.97
Variables/Info Equipment Type Pump
Equipment Description Centrifugal
(*unit) Capacity: Shaft power (kW) 20.01
[to check) min 1
max 300
K1 3.3892
K2 0.0536
K3 0.1538|
Pressure Factors
Result Fp 1.20
Variables/Info Equipment Type Pump
Equipment Description Centrifugal
psia Operating pressure 156.00)
psia Design pressure, P 246.00)
(*barg) Design pressure, P 15.95
[to check) min 10|
max 100
c1 -0.3935
Q 0.3957|
G -0.00226|
(*unit) Diameter, D (m)
Bare Module Cost
Result Cam ] 32,820.83
Equipment Type Fump
Equipment Description Centrifugal
MOC S5
Identificaiton number 39
Fag 27
B1 1.85|
B2 1.35)
Purchased Cost, C, s 23,308.54
Installed Cost, Cay s 45,065
Installation Cost ] 21,756.03
Year 2001 CL 397
Desired year (2016) Cl. 545.1
Total cost including spare pump S 90,129
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Table A.15.: Heat Exchanger E-102 Sizing and Costing

E-102: Heat Exchanger (Fixed tube) (shell: steam and tube: nylon salt)

n for condensing steam)

high pressure steam

[in the range)

[in the rang)

Sizing: ftr2 m*2
Area 372350 34.592|
Uo (Btu/hr*ft*2=F) 150 (Heuristic from Turto
Temperatures C 'F
Teool,in 50 122
Toool out 130 374
Temperature approach 63.89
Thot,in 253.89 489
Thot,out 253.89 489
Log Mean Temperature 10287 217.14|
Correction Factor, F 1
P 0.69
R 0.00
P 0.62
Heat Duty {Btu/hr) 1.21E+07
Latent Heat {Btu/lbm) 728.852 high pressure steam
Steam mhot (Ibm/hr) 16641.2271 Utility cost
Wylzn Salt meold (lbmy/hr) 117392.49
Heat Capacity of Nylon Salt {Btu/lbm™*F) 0.41 From encylcopedia
Purchased Equipment Costs
Result [l 5 17,637
Variables/Info Equipment Type HEX
Equipment Description Fixed tube
[*unit) Area, m2 35.0
(to check] min 10
max 1000)
K1l 4.3247
K2 -0.303
K3 0.1634)
Pressure Factors
Result Fp 115
Fp, process vessels
Variables/Info Equipment Type HEX
Equipment Description shell and tube
P nylon saltin 158.00
psia F steam in 614,70
psia Design pressure, P BE4. 70|
(*barg) Design pressure, P 44,82
(to check] min 5
max 140
Cl 0.03881
2 -0.11272)
(=3 0.08183
Diameter, D
Bare Module Cost
Result Cap 5 91,499.71
cﬁh‘, process wesse|
Equipment Type HEX

Equipment Description
MOC

shell and tube
S shell /55 tube

[salt in shell, steam in tube)
[due to acid component)

Identificaiton number 4|
Fus 15
Bl 1.63
B2 1.66|
Purchased Cost, Cp 5 51,904 45
Installed Cost, Cay, S 125,533
Year 2001 Cl 397
Desired year (2016) Cl 545.1
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Table A.16.: Condenser E-103 Sizing and Costing

E-103: Condenser (Fixed tube) (water vapor in shell, C.W. in tube)
Sizing: ft~2 m"2
Area 2141807 1598_980|
Uo (Btu/hr=ft"2*F) 150 [Heuristic for condenser)
Temperatures i F
Teool,in 30 86| C.W. Heuristic from Turton, 30
Toool out 45 113
Approach Temp. 160 320
Thot,in 180 374] (Melting point of Nylon salt, see
Thot,out 180 374
Log Mean Temperature 27428
Correction Factor, F 1
P 0.09
R 0.00
P 0.08
Heat Duty (Btu/hr) B.81E+07
Latent Heat {Btu/lbm) B50.73 (at 190C, Steam table, Moran)
Maximum amount of water can vaporize {lbm/hr) 116394.73
Actual water vaporize mhot (Ilbm/hr) 103579 [calculated based on crystallizer sizing and Ymax of va|
C.W. flowrate {m3/hr) 3277.65 (For utilities cost)
Density of CW. (kg/m3) 995.72
C.W. meold {lbmy/hr) 3 26E+06
Heat Capacity of water |Btu/|bm**F) 1 Properties spreadshest
Purchased Equipment Costs
Result [ 5 31,022.13
‘Wariables/Info Equipment Type HEX
Equipment Description Fixed tube
[*unit) Area, m2 199.0] (in the range)
[to check] min 10
max 1000
K1 4.3247
K2 -0.303]
K3 0.1634
Pressure Factors
Result Fp 1.05
Fp, process vessels
Wariables/Info Equipment Type HEX
Equipment Description Fixed tube
psia P C.W. assume 100
[ T water vapor 150
psia P condenser (water vapor P) 181 368 (Sat. steam table, Moran)
psia Design pressure, P 231.37)
[*barg) Design pressure, P 14.94] (in the range)
[to check) min 5|
max 140
[ 0.03881
2 -0.11272
3 0.08183
Diameter, O
Bare Module Cost
Result Cam s 1585,920.87
cﬁhﬁ'_ process vessel
Equipment Type HEX
Equipment Description shell and tube [water vapor in shell, CW. in tul
Moc 55
Identificaiton number 5
Fag 27
Bl 1.63]
B2 1.66|
Purchased Cost, Cp S 120,228.36
Installed Cost, Cgy, s 259, 009
‘Year 2001 Cl 337
Desired year (2016) Cl 545.1
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Table A.17.: Crystallizer R-101 Sizing and Costing

Sizing:

R-100: Crystallizer Body

Volume required Volume required (m3) 20,30 (<"crystallizer volume", satisfied
‘Voume required (ft3) 738.25)
Nylon salt Mow. (lbm/lbmal) 26235
Water M.w. {Ibm/Ibmol) 18.00)
Production Rate (lbm/hr) 13813.49)
Retention hour (hr) 3.38] (Heuristic for forced-circulation
Nylon salt density {lbm/ft3) 74.96) (Source: http://allinno.com/m/¢
Water density (lbm/ft3) 54.69
Concentration of solids {3} 50|
Slurry density (lbm/ft3) 63.24] (Source: Slurry density calculatic
Maximum vapor velocity Vmax (m/s) 0.29)
Vmax (ft/s) 0.94
constant C {ft/s) 0.08| (recommended far vapar heady
Operating temperature {1} 190
Operating temperature {F) 374
Lig. density of water (lbm/ft3) 54.69) 0.0011414)
Vap. density of water {lbm/ft3} 0.40) 0.1565
Minimum Cross-sectional area Cross-sectional area (m2) 0.95] (<"evaporator area", satisfied)
Cross-sectional area (ft2) 10.27] (This value is not controlling)
Crystallizer Velume Total volume {m3) 40.75
Diameter [m) 3.2| (Heuristic )
Liquid level {m} 4] (Heuristic )
Cone volume (m3) B.58|
Straight side (m3} 32.17]
Diameter (ft) 10.50)
Length (ft) 13.12
Cone volume (ft3) 302.72]
Straight side [f3) 1135.20)|
Total volume {ft3) 1437.92
Evaporator area (m2) (for costing) Area (m2) .04
Area (ft2) B6.52
Costs:
Purchased Equipment Costs
Result &, S 262,671.50
Variables/Info Equipment Type Evaporators
Equipment Description Forced-circulation (pumped)
[*unit) Capacity (m2) 9.00|(in the range}
[to check) min 5
max 1000|
K1 5.0238|
K2 0.3475)
K3 0.0703]
Pressure Factors
Result Fp 1.00
Fp, process vessels 0.50
Variables/Info Equipment Type Evaporator
Equipment Description Forced-circulation (pumped)
C Operating temp. 190 | Operating temp. heuristic chec
psia P condenser 181.37] (Antoine equation) (Meed to be
psi AP return line 2
psi AP hydrostatic 6.83] APyyarustaric= PNylon salt
psia P bat 190.20 3
psia Design pressure, P 24020
[*barg) Design pressure, P 15.55
[to check] min 0f
max 0fif 10 < p (barg) = 150
c1 [ 0.1578
[ 0.00| -0.2992
a [ 0.1413]
[*unit) Diameter, D {m)
Bare Module Cost
Result Cam S 1,024,41886
Equipment Type 2]
Equipment Description wertical
MOC 55
Identificaiton number 26|
Fan 3.9)
Purchased Cost, C, anna s 703,288.06
Installed Cost, Capm evaporator s 1,406,576
Installation Cost 5 703,283.06
Year 2001 ClL 397
Desired year {2016) Cl. 545.1
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Table A.18.: Pump P-102 Sizing and Costing

[utilities Power php, hp 2.05]
Inlet Conditions:

C F
Temperature, 1590 374
Pressure (psia) 191.00
QOutlet Conditions:

C ¥
Temperature, 130 374
Pressure [psia) 259.00

P-102: Pump Sizing with an elvation change

Sizing

Inlet Flow Rate of salt slurry (Ibm/hr)
Salt slurry density {lbm,/ft3)
Inlet Flow Rate of salt slurry (gpm)
Outlet pressure from crystalizer (psia)
Reactor pressure (psia)
Height of reactor (m)
Height of reactor {ft}
AP hydrostatic [psi)
AP Necessary (psia), +2 psi
Epump
Weim (hR)

E,

Wewehises (IR)

Woschaseet (W)

1381349
63.24
27.23

151.00
250.00
4.69
15.40
6.78
67.76
0.40
2.66
09
2.9g
221

Costs:

Purchased Equipment Costs

Obtained from Crystalllizer
See Crystallizer body sizing
unit conversion
Obtained from Crystalllizer
from palymerization reactar
From polymerization reactor
Unit conversion

[l T R L T
Interpolated From Turton Table 11.9
Flow Rate* AP g, o,
Estimation from Turton 11.5, midpoint
Wi Earivar
Unit conversion

Result [ 5 2,665.33
Variables/Info Equipment Type Pump
Equipment Description Centrifugal
[*unit) Capacity: Shaft power (kW) 2.21
[to check) min 1
max 300
K1 3.3892
K2 0.0536
K3 0.1535)
Pressure Factors
Result Fp 1.31]
Wariables/Info Equipment Type Pump
Equipment Description Centrifugal
psia Operating pressure 256.76
psia Design pressure, P 306. 76|
[*barg) Design pressure, P 20.14
[to check) min 10)
max 100]
C1 -0.3935
2 0.3957
a -0.00226|
[*unit) Diameter, D (m)
Bare Module Cost
Result Cam 5 17,804.73
Equipment Type Purmp
Equipment Description Centrifugal
MoC 55
Identificaiton number 39
Fa 2.7
BL 1.89
B2 1.35|
Purchased Cost, C. 5 12,585.23
Installed Cost, Cgyy s 24,44?
Installation Cost 5 1146153
Y¥ear 2001 ClL 397
Desired year |2016) Cl 545.1
Total cost including spare pump S 48,894
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Table A.19.: Polymerization Reactor R-102 Sizing and Costing [47]

Polymerization Reactor (CSTR)
Mass Flowrate {lbm/hr)
Inlet Generated Outlet Accumulation
|(umponent: Nylon salt (1:1 malar ratio) 1292643 Nylon 6 & B183.35[Nylon 6 & 10213.88| Nylon & & -2030.53
amine end-group 5726.46)amine end-group -4201.60) amine end-group 482.32)amine end-group 1042.54
Unit conwversion from g to lbm carbonxyl end-group 719997 carbonxyl end-group -5282.73) carbonuyl end-group 606,43 carbonuyl end-group 1310.80
453.59237| water B£87.06] Water 650.85| Water 1699 81 Water -161.50
Tocheck M.B. 13813.49 -650.13 13002.44 160,91
Utility Dawtherm A (lacketed) {lbm/hr) 674 61 (0.78553556
Cooling water (m3/hr} 60.58 0.08373479
Caoling water (lbm/hr} 6.03E+04
Powier (Agitation) (hp) 24.16| (Heuristic from Seider, 0.5-1.5/1000gal, 3 times when heat is to be transfered)
duty {thermal system) | GJ/hr) 0.78)
Feed Conditions:
C f
Temperature, 150 374|(assume, and alsa depends on what comes out of the evaporator)
Pressure (psia) 252.00 (lower than vapor pressure |
Operating conditions:
C f
Temperature, operating 26813 514 63|
Pressure (psia, operating 250.00 (literature, brydson-plastic materials  |{lower than the vapor pressure, but higher than the minimum pressure in literature range, Ogata: 15-20 kg/em32)
Pressure (psia, vapor pressure 783.05
Qutlet conditions of Nylon 6,6
C I
Temperature 268.13 514.63)
Pressure (psia) 250.00 (literature, brydson-plastic materials
QOutlet conditions of Water vaporize
C I
Temperature 204.33 A00.69] Phase: liquid
Pressure (psia) 243.00
Desired product (Nylon 6,6) quality
Instantaneous Yield 1]
Overall Yield 1.00)

Number-average degree of polymerization
Wumber-average molecular weight (g/mol)

11.87|(source of equation used: Fogler-polymerization examples, website)

2687.02

(lower than the range due ta p lower than 0.9, expected 12000-20000 for p > 0.99)
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Table A.19.: Polymerization Reactor R-102 Sizing and Costing (continued)

Sizing:

CSTR, Dowtherm Jacketed

CRE Algorithm (CSTR)

Rev. single rin

A+CFL+W

Components convention a amine end-group
[ carbonxyl end-group
| nylon 6,6 {polymer)
w water molecule

Design specification

Outlet Nylon 6,6 given Fl {lomyear) B.50E+DT
M.W of | (g/mol) 226.32
density of | {g/m3) 1140000
FI {mal/s) 5 63|
mil {g/s) 1286.93

Reactor size reactor volume V¥ (m3) £1.24
reactor wolume W (ft3) 779.11)
product polymer volume V (gal) 5367.95
product polymer volume V (m3) 20.32
liquid level {m) 2.35
diameter [m) 2.35
height {m) 469

Other (OPTIMIZATION VARIABLE)

ta

155

wall thickness (m]
liquid level {ft)
diameter (ft)
height (ft)

wall thickness (ft)
spacetime (s)

0.47)
7.70
7.70
15.40)
1.54
120001

fraction of &, p 0.92
Initial condition To (K] 463
[lbmy/lbmal} {for amine end-group) MW, of HMDA 116.2
[lomylbmal} {for carbonxyl end-group) M. W of Adipic acd 146.1
Fao (mol/s) 6.21]
Feo {mol/s) 6.21
Flo {mal/s) i)
Fwo [molfs) £.21
Cao (molfm3) 5500.40
Ceo {mal/ma3) 550040
Clo {mol/m3) 0l
Cwo (maol/m3) 5500.40
wo [m3/s) 1.13E-03
Stoichiometry [Results from Palymath Report)
Concentration (mol/m3) Ca 453.2833
Ce 4632833
l 5037.561
Cw 10540
it 16504.1276
Molar flowrate (molfs) Fa 0.52]
Fc 0.52]
FI r 5.69
Fur 11.50|
Moale fraction *a 0.03
X 0.03]
x 0.31
X 0.64
Relative Rate ra (mol/m3.s) -0.22]
rc {mal/m3.s) -0.22|
rl {mal/m3.s) 0.22]
rw (mol/m3.s) 10.22]
Rate Law (Steppan article) forward ka (1/hr) B.25|
equilibrium Ko 304. 26|
deltaHo {cal/mol) -4204 03|
deltaHo {J/mal) -17589.68
activ. energy (keal/mol) 21.40
gas constant (keal/molK) 0.001987
Ref. Temp. Tr (K) 473.00|
forward k {1/hr) 145.05|
equilibrium K 173.25|
rw {mol/m3.s) 10.22]

(Heuristic also supports the choice of CSTR since feed co

[assume a service factor of 0.95)

[Used to calculate power input for OPERATING COST later
[assume height is double liguid level, diameter equal liqui

(thickness less than 1/4* D, Turton A.2.1)
[Round up to the nearest 1/2 ft)

[use 5 hours, referenced from Ogata, heuristic from Fogle

[Might be able to use for optimization, see Polymerizatior

[Update from POLYMATH)
[stoichiometric equivalent)

1
[assume density change is negligible, might not be appliec

5037.12

[check with Fl above)

[Steppan)

(200 degree C)
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Table A.19.: Polymerization Reactor R-102 Sizing and Costing (continued)

POLYMATH
[expected 200-265C)

Energy Balance

R T{K} {Polymath) 541.125
TC 268.125
Cpa (I/mol.K) 68.14
Cpe {J/mol.K) 275.37
Cpl {1fmol.k) 377.92
Cpwe {Jfmoal .K) 75.4

[J/mal} deltaHrzn (J/mol) -10108.87|

Medium fluid: Dowtherm Tasupply { C) 300
Ta supply (K] 573
AT approach (K] 10
Ta return (K} 551.125

[1/g.K) Cp dowtherm 23

Heat duty info O {)s=W) -6.28E+04
A{m2) 34.62
U {lfm2.5.K) 280
LA 1/5.K) 9694 .81

Utility cost of Dowtherm A Dowtherm flowrate |gal/min) B5.00
Dowtherm density (kg/m3) B00.00
Dowtherm flowrate |g/s) 4290.13
Daowntherm flowrate {lbmhr] 3404922795
Process heating duty (W) 2 16E+05|

Costs:

Purchased Equipment Costs

Result &, 5 131,634.44

Wariables/Info Equipment Type Reactors
Equipment Description Jacketed agitated

[*unit) Capacity (m3) 81.24

[to check) min 0.1

max 35

K1 4.1052
K2 0.532
K3 -0.0005

Installed Cost, Cap reactor s 722, 962

Year 2001 Cl 397

Desired year (2016) ClL 545.1

[in the range)

[-deltaHrzn >0: exothermic)

53

Check "chemical properties from perry” spreadsheet

(range 200-220C, Ogata)

[minimum temperature approach of 10C , Turton heuristi

[Engineering toolbox and Dowtherm i i
3 = Fao * Deltak

[Turton chapter 19, 3rd ed.)
[Heuristic estimation, liquid to liquid for dowtherm, Turtos
[at normal operating condition, pp. 760 Turton 4th editior

[at 300 degree C, Engineering toolbox)

[not follow process vessel, using hewristic Fbm)
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Table A.20.: Condenser E-104 Sizing and Costing

E-104: Condenser (Double pipe) (water vapor in shell, C.W. in tube)

Sizing: ftr2 m"2
Area 30.592 1.842
Uo (Btu/hr*ft"2*'F} 150 (Heuristic for condenser, Turton)
Temperatures C °F
Teool,in 3 B6
Tcoolout 45 113
Temperatures approach 10 50|
Thot,in (water vapor] 268.125 514 825
T sat. Vap. At 250 psia 204.829 400.6922
Thot,out 204829 4006922
Log Mean Temperature 356.39
Correction Factor, F 1.00
P 0.06
R 4.22
P 0.06
Heat Duty {Btu,/hr) 1.63E+06
Water vaparize mhot (lbm/hr) 1699.E1
Latent heat (Btu/lbm) 826.05 (at 250psia, 204.829C)
C.W. flawrate {m3/hr) 60.58 (For utilities cost)
Density of CW. (kg/m3) 995.72
C.W. meold (lemyhr) E0324.65
Heat Capacity of water vapor (Btu/Ibm**F) 1.16 Engineering toalbox, at 250C
Heat Capacity of C.W {Btu/lbm*°F) 1 Engineering toalbox, at 30C
Purchased Equipment Costs
Result &, ] 2,914.91
Variables/Info Equipment Type HEX
Equipment Description Fixed tube
[=unit) Area, m2 3.0
[to check) min 1]
max 10
K1 3.3444
K2 0.2745
K3 -0.0472
Pressure Factors
Result Fp 096
Fp, process vessels
Variables/Info Equipment Type HEX
Equipment Description Double pipe
C Ttop 268.125
psia P reactor 250.00,
psi AP return line 2.00
psia Pcondenser 24800,
psia Design pressure, P 23E.00
[*barg] Design pressure, P 19.53
[to check) min 40
max 100
[ § 0.6072
2 -0.912]
o] 0.3327
Diameter, D
Bare Module Cost
Result Can s 16,838.40
Cam, procass veszel
Equipment Type HEX
Equipment Description shell and tube
MOC 55
Identificaiton number 5
Fu 2.7
Bl 174
B2 1.55
Purchased Cost, Cp 5 10,423.17
Installed Cost, Cay, s 23,120
Year 2001 Cl. 357
Desired year {2016) Cl. 5451

[based on temperture differen

[out of range)

P condenser (P water vapor)

(in the range)
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Table A.21.: Dowtherm Boiler H-100 Sizing and Costing

Dowtherm Boiler for the reactor- Diphenyl Heater

Costing:

Purchased Equipment Costs

Result ¢, 5 18,508.26
Variables/Info Equipment Type Heaters
Equipment Description Diphenyl heater
[=unit) Duty, kW 215.8
[to check] min 650
max 10750
K1 1.2628
k2 0.8581
K3 0.0003
Pressure Factors
Result Fp 1.09
Fp, process vessels
Variables/Info Equipment Type Heater
Equipment Description Diphenyl heater
psia P 152.70
psia Design pressure, P 202.70
[*barg) Design pressure, P 12.96
[to check) min 2
max 200
Cl -0.01633
c2 0.056875
c3 -0.00876
Diameter, D
Bare Module Cost
Result Cap 5 44,248.28
Equipment Type Heater
Equipment Description Diphenyl-based oil
MOC A
Identificaiton number 56
Fan 2.2
Purchased Cost, Cp 5 60,755.01
Installed Cost, Cgye s Eﬂ,?55
Year 2001 C.l. 397
Desired year (2016) Cl. 5451

[not in the range]

[min.operating pressure at 40(

(in the range)
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Table A.22.: Pump P-103 Sizing and Costing

Pumping Molten Nylon 66

Utilities Power php, hp 24.14
Inlet Conditions:

C t
Temperature, 268.13 515
Pressure (psia) 250.00
Outlet Conditions:

C F
Temperature, 268.13 515
Pressure [psia) 1002.00

P-103: Pump Sizing with an elvation change

Sizing

Inlet Flow Rate of malten nylon 66 {lbmfhr)
Nylon 6,6 density [lbm/ft3)

Inlet Flow Rate of salt slurry (gpm)
Outlet pressure from CSTR (psia)
Extruder pressure (psia)

AP Mecessary (psia), +2 psi

1130264
7117
1380

250
1000
752
0.40
2172
0.9
24.14
18.00

Obtained from Polymerization CSTR
Obtained from Polymerization CSTR
unit conversion
Obtained from Crystalllizer
Jessica group
B Ly
Interpolated From Turton Table 11.9

Flow Rate*aP (e,
Estimation from Turton 11.5, midpaint
W/

Unit conversion

Costs:

Purchased Equipment Costs
Result

Wariables/Info

(8
Equipment Type
Equipment Description

5 28,749.92
Pump
Reciprocating

[*unit) Capacity: Shaft power (kW) 18.00
[to check) min 0.1
max 200
K1 3.8696
K2 03161
K3 0.122

Pressure Factors
Result Fp 1.54

Variables/Info

Equipment Type
Equipment Description

Pump
Reciprocating

p=ia Operating pressura 100000
p=ia Design pressure, P 1050000
[*barg) Design pressure, P 71.38]
[to check] min 10
max 100
C1 -0.2453E82
2 0.2530146
e -0.01363
[=unit) Diameter, D (m)
Bare Module Cost
Result Cam s 197,912.10
Equipment Type Pump
Equipment Description Reciprocating
MOC 55
Identificaiton number 28
Fu 2.4
BL 1.23)
B2 1.35)
Purchased Cast, C, s 146,025.92
Installed Cost, Cgy, s 27 1, 743
Installation Cost 5 135,716.85
Year 2001 Cl. 3957
Desired year (2016) C.l. 545.1
Total cost including spare pump s 543,486
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Table A.23: Extruder MP-102 Sizing and Costing

Extruder

Standard Extruder Equations

Comments (use Standard Extruder Equations)

Screw Diameter (m)

0.20

Screw Diameter (ft)

0.67

Screw Diameter (in)

8|From website with "handy outputs"

Total Length (m)

6.096|20-30D-Chose 25; page 307 also

Total Length (ft) 20.0

Length of Feed Section (m) 1.6256|4-8D-chose 8

Length of Feed Section (ft) 5.33

Length of metering section (m) 2.032|6-10D-chose 10

Length of metering section (ft) 6.66

Number of Parallel Flights 1

Flight Pitch 0.2032[helix angle 17.66 degrees
Flight Width (m) 0.02032

Channel Depth in feed section (m) 0.03556|0.15-0.2D-chose 0.175
Channel Depth Ratio 3|2-4, chose 3
Compression Length (m) 0.406|Page 306-2.5:1 and 2D in "Extruder Equations" page 628
Compression Length (ft) 1.33

L/D

30|Total Length/Diameter

RPM

100|From website with "handy outputs"

Output (Ib/hr)

5200|From website with "handy outputs"

Costing: Example in Book-Page 433; extruders for polymers (excluding drive and motor); FOB varies by +/- 30%
FOB $76,262.88 $70,000
L+M* 1

L+M Cost S 76,262.88

Physical Module Cost, PM $ 91,515.46 |Use L+M cost plus 15-25% of FOB-chose 20%

Bare Module Cost, BM $ 99,141.75 |use PM plus 10-45% of L+M cost-chose 10%

CEPCI (1957-1959) 1000

CEPCI (2017) 545.1

Cbm (2017) $ 54,042.17

Drive Power (kW) 12.0 10
n 0.47
L/M 0.27
Alloy Cost Factors

-c/s 1
-s/s 1.19
-monel 1.4
Variable Speed Drive Factor 1.5
L/D 30
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Table A.23.: Extruder MP-102 Sizing and Costing (ctn)

Drive

Sizing:

Power (kW) 12
Power (hp) 16
Costing:

K1 1.956
K2 1.7142
K3 -0.2282
Shaft Power (kW) 12
logCp0 3.54016
CpO 3468.67
Installed Cost:

Identification Number 14
Fom 15
B1 1.63
B2 1.66
Cbm (2001) $5,203

57,089

Totally Enclosed, Electric

Cbm (Drive and Motor) | $7,089
Cbm (Extruder) $54,042
$61,131
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Table A.24.: Condenser E-105 Sizing and Costing

Condenser during casting wheel

Utilities

C.W. (Ibm/hr) 7.51E+04

E-105: Condenser (Fixed tube) (C.W. in tube, steam in shell)

Sizing:
Area
Uo (Btu/hr*ft"2*'F)
Temperatures
Tooal,in
Teool,out
Approach Temp.
Thot,in
Thaot,out
Log Mean Temperature
Correction Factor, F
P
R
p
Heat Duty (Btu/hr)
Latent Heat (Btu/lbm)
water vaporize mhot (lbm/hr)
CW. meold {Ibm/hr)
Heat Capacity of water (Btu/lbm**F}

a2 m*2
120.817 11.224
150 [Heuristic for condenser)
C F
a0 EE
45 113
F0.00 158
100.00 212
100.00 212
111.96
1
0.21
0.00
021
2.03E+06
970.34 [at 100C, Steam table, Mor
2091 Jessica
7.51E+04
1 Properties spreadsheet

Purchased Equipment Costs

Result &, 5 15,417.32
Variables/Info Equipment Type HEX
Equipment Description Fixed tube
[®unit) Area, m2 12.0
[to check) min 10
max 1000|
K1 4.3247
K2 -0.303
K3 0.1634
Pressure Factors
Result Fp 1.01
Fp, process vessels
Wariables/Info Equipment Type HEX
Equipment Description Fixed tube
C T water vapor 100 00
psia P condenser (water vapor P) 14778
psia P C.W. {assumption) 100.000|
psia Design pressure, P 150. 00
[*barg)} Design pressure, P 9.33
[to check) min 5
max 140
1 0.03881
2 -0.11373
L] 0.08183
Diameter, D
Bare Module Cost
Result Capa s 95,265.72

Cam, process vessel

Equipment Type HEX

Equipment Description shell and tube

MOoC 55

Identificaiton number 5

Fa 2.7

B1 1.63|

B2 1.66)
Purchased Cost, Cp 5 58,011.67
Installed Cost, Capy s 130, 804
‘Wear 2001 [ 337
Desired year (2016) . 545.1
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Table A.25.: Casting Wheel MP-103 Sizing and Costing

Casting Wheel
Sizing:
Diameter (ft) 16.4
Diameter (m)
Height (m) 1.5/1.2-1.5m
Height (ft) 4.92]
Volume (m*"3) 29.5
Volume (ft"3) 1039.3
Pressure (psi) 14.7
Circumference of the wheel (m) 31.42]
Circumference (ft) 103.04 50-150
Speed (m/min) 150|
Speed (rpm) 4.77|
Costing:
K1 3.5565
K2 0.3776]
K3 0.0905
Volume (m”3) 29
logCp0 4.30656783
Cp0 20256.65959
Cc1 0
C2 0
3 0
P operating (psi) 14.70
P Design (barg) 3.45
Fp 2.5828
Purchase Cost:
Identification Number 1
Fm
Cp (2001) $88,943
Cp (2017) $122,122
Installed Cost:
Identification Number 14
B1 1.49
B2 1.52
Cbm (2001) $165,375
$227,068

54 to 8 m; "Scattering Methods and the Properties..." article

Temperature in (°F)

530.6

Temperature Out (°F) 257,
Pressure (psi) 14.7)
Heat Capcity of Nylon 6,6 (J/kg*K) 0.00167
Heat Capacity (Btu/Ib*F) 0.3343844]
Heat Duty of Nylon (Btu/hr) 626077
Mass Flowrate of Nylon 6,6 (Ib/hr) 6843.3|

Mass Flowrate of Cooling water on outside of wheel (Ib/hr) 645)
Heat Capacity of Water (Btu/Ib*F) 0.997]
Mass Flowrate of cooling water inside the wheel (Ib/hr) 25
Thermal Conductivity of Stainless Steel (Btu*in/hr*ftA2*°F) 132
Wheel Temperature outside (°F) 530.6
Wheel Temperature inside (°F) 257,
Wall thickness of Casting Wheel (in) 6
Cooling Water Temperature (°F) 86)
Cooling Water Pressure (psi) 100|

Area of Drum (m*2) 19.63
Area of Drum (ftA2) 1.82
Steam Exit Temperature (F) 212

Heat of Vaporization (Btu/Ib)

970.3

1.7|stainless steel coating

514.6 full capacity
125C

11302 for full capacity
value for 67% case

514.6 full capacity

need source

steam table at 14.7; chE thermo book

Drive
Sizing:
IPower (kw) 75
100.6 hp
Costing:
K1 1.956
K2 1.7142]
K3 -0.2282,
Power (kW) 75
logCp0 4.367911966
Cp0 23329.85103|
Installed Cost:
Identification Number 14
Fbm 15
B1 1.63
B2 1.66
Cbm (2001) $34,995
$48,050
[casting Wheel (2017) [ s227,068
Drive (2017) $48,050
$275,117
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Table A.26.: Chopper MP-104 Sizing and Costing

Chopper:
Sizing:
Rotor Speed (RPM) 3000
Mass Flowrate (Ib/hr) 10214
Chopping Time (seconds) 60
Time (hours) 0.017
Mass (Ib) 170.2
Density (Ib/ftA3) 71.1
Volume (ft"3) 2.39
Width (m) 1.5
Width (ft) 4.92
Length (ft) 3
Area (ft72) 14.76
Area(m”2) 1.37
Costing: blender kneader
K1 5.0141
K2 0.5867
K3 0.3224
Area (m”2) 1.37
logCp0 5.100757678
Cp0 126112.3672
P operating (psi) 14.70]
P Design (barg) 3.45
Fp 1.1248
Installed Cost:
Fbm 1.12
Cbm (2001) $141,246
$193,937

Retsch Example

Assume 3 feet

Total Cost of Chopper:

Chopper (2017)

$193,937

Drive:
Sizing:
Power (kW) 75
Power (hp) 100.6
Costing:
K1 1.956
K2 1.7142
K3 -0.2282
Power (kW) 75
logCp0 4.367911966
Cp0 23329.85103
Installed Cost:
Identification Number 14
Fbm 15
B1 1.63
B2 1.66
Cbm (2001) $34,995
$48,050

Drive (2017)
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Table A.27.: Dryer MP-105 Sizing and Costing

Dryer

Type:

Horizontal Paddle Vacuum

Throughput available

<30-1,0001b./hr

Sizing:

Screw Diameter (mm) 2200
Screw Diameter (ft) 7.22
Length (mm) 6000
Length (m) 6
Length (ft) 19.7
Volume (ft”3) 22
Volume (ft"3) 776
Area (m”2) 3.67
Area (ft"2) 39.4
Agitator Speed (RPM) 6
Pressure 14.7
Temperature (°F) 180
Pressure drop (psi) 5
Costing: Drum Dryer
K1 4.45742
K2 0.2731
K3 0.134
Area (ft"2) 4
logCp0 4.654188429
Cp0 45101.23443
Installed Cost:
Fbm 1.6
Cbm (2001) $72,162
$99,082

should be jacketed and have a
temp sensor to control
temperature and therefore
humidity

up to 30,000 Ib/hr

Dryer temp source

Drive
Sizing:
|Insta||ed Power (kW) | 90|
120.7 hp
Costing: Drive with 90 kW
| Power (kW) | 90|
Costing:
K1 1.956
K2 1.7142
K3 -0.2282
Power (kW) 90
10gCp0 4.434452154
Cp0 27193
Installed Cost:
Identification Number 14,
Fbm 1.5
B1 1.63
B2 1.66,
Cbm (2001) $40,789
$56,005
Dryer Cbm (2017) $99,082
Drive Cbm (2017) $56,005
$155,087
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Table A.28.: Nylon Granule Storage Hopper TK-104 Sizing and Costing

Nylon 6,6 Pellet Storage Tank (Hopper)

Sizing:

Mass Flowrate (Ib/hr) 6843.3
Time (hr) 96
Mass (Ib) 656956.8
Density (g/cm”3) 1.14
Density (Ib/ft"3) 71.1
Volume (ft*3) 9235
Volume (m”3) 261
Volume (m”3) 390.0
Temperature (°F) 158
Pressure (psi) 9.7
Diameter (m) 4,99
Diameter (ft) 16.4
Height (m) 20.0
Height (ft) 65.5
L/D 4
Volume (ft"3) 13787
Volume (mA3) 390

Costs: Vertical Process Vessel

K1 3.4974
K2 0.4485
K3 0.1074
Volume (m”3) 390
logCp0 5.380534813
Cp0 240178.8787
P operating (psi) 9.70
P Design (barg) 3.10
Fp 2.4176
Purchase Cost:

Identification Number 18
Fm 1
Cp (2001) $580,660
Cp (2017) $797,274
Installed Cost:

Identification Number 14
B1 2.25
B2 1.82
Cbm (2001) $1,597,204
Cbm (2017) $2,193,037

|Installation Cost $1,395,763
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POLYMATH Attachments:

Polymath Coding of the Chemical Reaction Engineering Algorithm Modeling Using Polymath for

Autoclave (Polymerization reactor) as a CSTR

#Components: a-amine end-group, c-carbonxyl end-group, l-amide linkage (nylon 6,6), w-water molecule

#DESIGN SPECIFICATION AND INITIAL CONDITION

#MI| =85E6

#MWI = 226.3

#densityl = 1140000

Fl =5.69

#ml = 1286.93

tau = 18000

Fogler: 10min-4hour for industrial CSTR
To =190+273

Ta=573

C, Turton heuristic

#T =520

#Ts = 550

V = FI*226.3/1140000*tau

A = 2*3.14*((2*VI3.14)"(1/3))"2

U =280

vo = V/tau

p = 1-Ca/Cao

MIGHT be able to use for optimization,

#Fao = Fa/(1-p)

Fao = (O-FI)/(-rl)*(-ra)+Fa
Fco = Fao

Fwo = Fao

10 : salt/water

#Flo=0

Cao = Fao/vo

Cco = Faol/vo
stoichiometric equivalence
Cwo = Fwol/vo

#lbm/year

#g/mol, polymer data handbook
#g/m3

#mol/s, calculated, 0.95 service factor
#gls

#in sec, Ogata 5 hours residence time,

#0Ogata, range 200-220C
#K, Dowtherm a, maximum 400 degree

#K

#m3

#m2, D=L, H=2L

#J/m2.s.K, Heuristic

#m3/s

# fraction of functional group amine (a),

#use molar ratio from Ogata: range 0.5-

#mol/m3
#assuming Fao=Fco, due to

#MOLE BALANCE (single reaction, single phase, reversible, CSTR)

f(Ca) = vo*Cao-vo*Ca+ra*V
Ca(0) = 0.000001

f(Cc) = vo*Cco-vo*Cc+rc*V
Cc(0) =0.00001

f(Cl) = -vo*Cl+r*V

CI(0) = 2000

f(Cw) = vo*Cwo-vo*Cw+rw*V
Cw(0) = 10000

#RATE LAW (activate if reversible, homogeneous rxn)

rw = Ct*k/3600*(xa*xc-xI*xw/K)

#Steppan and Giudici, r in mol/m3.s

#rw is positive due to water being product
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Polymath Coding of the Chemical Reaction Engineering Algorithm Modeling Using Polymath for
Autoclave (Polymerization reactor) as a CSTR (continued)

k = ko *exp(E/R*(1/Tr-1/T))
#1/hr, Arrhenius equation at a convenient Temp. Tr=200C
K = Ko *exp(deltaHo*107(-3)/R*(1/Tr-1/T))
#literature used: Steppan

ko = exp(2.55-0.45*tanh(25*(xw-0.55)))+8.58*(tanh(50*(xw-0.10))-1)*(1-30.05*xc)
#ko[=]1/hr; ko,Ko and detaHo models from Steppan

Ko = exp((1-0.47*exp(-xw”(1/2)/0.2))*(8.45-4.2*xw))

deltaHo = 7650*tanh(6.5*(xw-0.52))+6500*exp(-xw/0.065)-800
#cal/mol, convert to J/mol: multiply 4.184

Tr =473
#in K, Steppan
E=214
#kcal/mol
R =0.001987
#kcal/mol.K

#RELATIVE RATE:

ra=-rw #mol/m3.s
rc = -rw
rl=rw

#STOICHIOMETRY (assume liquid phase or aqueous, project statement-stoichionmetric equivalents)
Ct = Cat+Cc+Cl+Cw #mol/m3

xa = Ca/Ct
xc = Cc/Ct
x| = Cl/Ct
xw = Cw/Ct

Fa = Ca*vo
Fc = Cc*vo
Fw = Cw*vo
#F| = Cl*vo

#ENERGY BALANCE (assume CSTR, with HEX:steam, or downtherm boiler)
f(T) =U*A*(Ta-T)-Fao*(Cpa+Cpc)*(T-To)+deltaH*ra*V
# Energy balance, Fogler p.567
T(0) =520
deltaH = deltaHo*4.184+(Cpl+Cpw-Cpa-Cpc)*(T-Tr)
#J/mol
Cpa=68.14
#J/mol.K, calculated, literature, check "chemical property" Spreadsheet
Cpc = 275.37
Cpl =377.92
Cpw =754

#Q = FI*Cpl*(T-To)
#J/s=W

#UA = Q/(((Ta-T)-(Ta-To))/In((Ta-T)/(Ta-To)))
#JIs.K

#deltaTlm = ((Ts-T)-(Ts-To))/In((Ts-T)/(Ts-To))
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POLYMATH Report

MNanlinear Eguations

Calculated values of MLE variables

Variable |Value fi(x) Initial Guess 20 (K 531.0598
1|Ca 462.8893 (2.576E-14 |1.0E-06 21 [k 145.4477
2(Cc 462.8893 |2.665E-14 |1.0E-05 72 ko 8.2531
3(Cl 5037.561 |-2.487E-14 |2000.
4|Cw 1.054E+04|-2.398E-14 | 10000. = SiH. 2003
5(T 541.1971 |1.019E-08 |520. 24|p 0.9158452

25|R 0.001987

Variable |Value 26 |ra -0.2798645
1A 34.63136
3 |cao 5500.45 27 |rc -0.2798645
3 |coo 5500.45 28 |rl 0.2798645
4 |Cpa 68.14 29 |rw 0.2798645
5 [Cpc  |275.37 30|Ta 573.
il L L 31 |tau 1.8E+04
7 |Cpw 75.4
B |t 1.65E+04 32|To 463.
9 |Cwo 5500.45 33|Tr 473.
10|deltaH  |2.487E+04 34|U 280.
11|deltaHo  [4153.798 35 v 20.33127
12[E 21.4
=l 53268048 36|vo 0.0011295
alFe 621254 37 |xa 0.0280516
15|Fc 0.5228404 38 |xc 0.0280516
16 |Fco 6.21284 39 |« 0.3052817
17]A 3.5 40 [xw 0.6386151
18 |Fw 11.90284

Figure A.1: Polymath Report for the Chemical Reaction Kinetics of the Polymerization CSTR with Full Capacity
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Explicit equations
1 Fl =559
mil's, calculated, 0,85 servios faclor
2 ftau = 16000
in sec, Ugata & hours resdence ime, Fogler 10min-#hour for industnal CTETH
3 To= 1904273
Cgaila, rango 200- 2200
4 Ta=573
K, Dowtharm a, maximuem 400 degree ©, Turfon heuwnslic
5 V= FH*226.3/1140000*tau
mid
6 A= 2*14%[ 2714012
mi, O=L, H=ZL
7 U= 280
JimiZ 5. K, Hourisfio
& wo=\ftau
mdis
9 Ct= Ca+Cc+O+Cw
modimd
10 Fa = Ca™vo
11 E= 214
koal'ma
12 Tr = 473
In K, Ebeppan
13 R = 0.001967
koal'mal K
14 xc = CofCt
15 x| = CIfCt
16 xa = CajCt
17 xwr = Cwi'Ct
18 ko - exp{2.55-0.45*anh(25* (xw-0.5511)+ 8 56*ftanh{50* fxv-0.10))-11*¢1-30.057xc)
kai=]1nr; ko &o and delaHo models fom Sleppan
19 Ko = exp({1-0.47*exp(aw™(1/21/0.2))*(B.45-4.2*xw)]
20 k = ko *explE/A*{1/Tr-1/T))

iitwr, Arhenius sguatiaon ol & convenlonl Temp. Tr=2000

Figure A.1: Polymath Report for the Chemical Reaction Kinetics of the Polymerization CSTR with 100% Capacity (continued)
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20 k = ko *exp{E/R*{1/Tr-1/T))
1itr, Arrheerdus equation ol a conversent Temp. Tr=2000
21 deltaHo = 7E50*tanh{5.5=(xw-0.52 ]} + 6500 exp( w0065 )-E30
calimod, oo 1o Aol muliphy 4.184
22 K = Ko *expideltaHo® 10~{-3YR*{1/Tr-1/ T}
lberafturn used: Slopoan
23 rw = Ok 3600 (xa*xo-x™xw/K)
Sloppan and Giedicd, rin molmds
24 rl = rw
25 ra = rw
molimd s
26 Fag = (0-F)/(-rl)*(-ra)+Fa
27 Cao = Faofwo
molim3
28 Fco = Fao
29 Fwo = Faog
use molar ratio from Ogala: mnge 0.5:10 ; sallfsaber
30 Cwa = Pwafvo
31 rc = -rw
32 p = 1-Ca/Cao
fravctice of funclicral group amine (a), MIGHT be able o use for aplimizatan,
33 Cco = Fag/vo
assuming Faoo=F oo, due fo shchiomedric cquiaberse
34 Fc = Cc*wo
35 Fw = Cw*vo
36 Cpw = 75.4
37 Cpa = 68.14
J'mal. K, caioulaled, Horatune, chook "chomical proporty™ Spreadshesd
38 Cpc = 275.37
39 Cpl = 377.92
40 deltaH = deltaHo®4. 164+ (Cpl+Cpw-Cpa-Cpc)*(T-Tr)
Jimeal

Figure A.1: Polymath Report for the Chemical Reaction Kinetics of the Polymerization CSTR with 100% Capacity (continued)
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POLYMATH Report

Monlinear Equations

Ealculated values of NLE variables

Variable [Value f(x) Initial Guess

1]ca 419.613  |6.217E-15 |1.0E-06 S0k TS 2075
2|cc 419.613  |6.217E-15 |1.0E-05 o 199.8074
3(Cl 5037.561 |-6.661E-15|2000.
4|Cw 1,049E+04 |-7.105E-15 [10000. 22 |ko 8.243247
5(T 550.0062 |4.948E-10 [520. 23 |Ko 301.3418
L 24 |p 0.923108

Variable (Value 25_ R D.ﬂﬂlgﬂ;"
1— A i 26|ra -0.2793645
2 [0 b7 17 27 0.2798645
3 |Ceo 5457.174 re Bl
4 |cpa 68.14 28 |rl 0.2798645
5 [cpe 275.37 29 |rw 0.2798645
6 [cpl 377.92 30|Ta 573.
7 |Cpw  [75.4 31 |tau 1.BE+04
9 |Cwo 5457.174 =l —
10|deitaH  [2.613E+04
11 |deltaHo [4222.984 34U 280.
12 [E 21.4 5V 13.61373
13[Fa 0.317361 36 |vo 0.0007563
14 |Fao 4.127361 37 |xa 0.0256307
= 0.317361 38 [xc 0.0256307
16]Fc0  [+.127361 39 [x] 0.3077027
E A 381 40 |xw 0.641036
18 [Fw 7.937361

Figure A.2: Polymath Report for the Chemical Reaction Kinetics of the Polymerization CSTR with 67% Capacity
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Polymath Coding of the Chemical Reaction Engineering Algorithm Modeling Using Polymath for

Autoclave (Polymerization reactor) as a CSTR at STARTUP

#Components: a-amine end-group, c-carbonxyl end-group, l-amide linkage (nylon 6,6), w-water molecule

#DESIGN SPECIFICATION AND INITIAL CONDITION

#MI| =85E6

#MWI = 226.3

#densityl = 1140000

Fl =5.69

#ml = 1286.93

tau = 18000

Fogler: 10min-4hour for industrial CSTR
To =190+273

Ta=573

C, Turton heuristic

#T =520

#Ts = 550

V = FI*226.3/1140000*tau

A = 2*3.14*((2*VI3.14)"(1/3))"2

U =280

vo = V/tau

p = 1-Ca/Cao

MIGHT be able to use for optimization,

#Fao = Fa/(1-p)

Fao = (O-Fl)/(-rl)*(-ra)+Fa
Fco = Fao

Fwo = Fao

10 : salt/water

#Flo=0

Cao = Fao/vo

Cco = Faol/vo
stoichiometric equivalence
Cwo = Fwol/vo

#lbm/year

#g/mol, polymer data handbook
#g/m3

#mol/s, calculated, 0.95 service factor
#qg/s

#in sec, Ogata 5 hours residence time,

#0Ogata, range 200-220C
#K, Dowtherm a, maximum 400 degree

#K

#m3

#m2, D=L, H=2L

#J/m2.s.K, Heuristic

#m3/s

# fraction of functional group amine (a),

#use molar ratio from Ogata: range 0.5-

#mol/m3
#assuming Fao=Fco, due to

#MOLE BALANCE (single reaction, single phase, reversible, CSTR)

f(Ca) = vo*Cao-vo*Ca+ra*V
Ca(0) = 0.000001

f(Cc) = vo*Cco-vo*Cc+rc*V
Cc(0) =0.00001

f(Cl) = -vo*Cl+rI*V

CI(0) = 2000

f(Cw) = vo*Cwo-vo*Cw+rw*V
Cw(0) = 10000

#RATE LAW (activate if reversible, homogeneous rxn)

rw = Ct*k/3600*(xa*xc-xI*xw/K)

#Steppan and Giudici, r in mol/m3.s

#rw is positive due to water being product

k = ko *exp(E/R*(1/Tr-1/T))

#1/hr, Arrhenius equation at a convenient Temp. Tr=200C
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Polymath Coding of the Chemical Reaction Engineering Algorithm Modeling Using Polymath for
Autoclave (Polymerization reactor) as a CSTR at STARTUP (continued)

K = Ko *exp(deltaHo*107(-3)/R*(1/Tr-1/T))
#literature used: Steppan

ko = exp(2.55-0.45*tanh(25*(xw-0.55)))+8.58*(tanh(50*(xw-0.10))-1)*(1-30.05*xc)
#ko[=]1/hr; ko,Ko and detaHo models from Steppan

Ko = exp((1-0.47*exp(-xw”(1/2)/0.2))*(8.45-4.2*xw))

deltaHo = 7650*tanh(6.5*(xw-0.52))+6500*exp(-xw/0.065)-800
#cal/mol, convert to J/mol: multiply 4.184

Tr =473
#in K, Steppan
E=214
#kcal/mol
R =0.001987
#kcal/mol.K

#RELATIVE RATE:

ra=-rw #mol/m3.s
rc = -rw
rl=rw

#STOICHIOMETRY (assume liquid phase or aqueous, project statement-stoichionmetric equivalents)
Ct = Ca+Cc+Cl+Cw #mol/m3

xa = Ca/Ct
xc = Cc/Ct
x| = Cl/Ct
xw = Cw/Ct

Fa = Ca*vo
Fc = Cc*vo
Fw = Cw*vo
#F| = Cl*vo

#ENERGY BALANCE (assume CSTR, with HEX:steam, or downtherm boiler)
f(T) =U*A*(Ta-T)-Fao*(Cpa+Cpc)*(T-To)+deltaH*ra*V

# Energy balance, Fogler p.567
T(0) =520

deltaH = deltaHo*4.184+(Cpl+Cpw-Cpa-Cpc)*(T-Tr)
#J/mol
Cpa=68.14
#J/mol.K, calculated, literature, check "chemical property" Spreadsheet
Cpc = 275.37
Cpl =377.92
Cpw =754

#Q = FI*Cpl*(T-To)
#J/s=W
#UA = Q/(((Ta-T)-(Ta-To))/In((Ta-T)/(Ta-To)))

#J/s.K
#deltaTIm = ((Ts-T)-(Ts-To))/In((Ts-T)/(Ts-To))

95



POLYMATH Report
Ordinary Differential Equations

Calculated values of DEQ variables

Variable |Initial value Minimal value | Maximal value Final value
1 |A 26.4882 26.4882 26.4882 26.4882
2 [Ca 5457.174 401.2101 5457.174 401.2101
3 |Cao 5457.174 2457.174 5457.174 5457.174
4 |Cc 5457.174 401.2101 5457.174 401.2101
5 |Cco 5457.174 5457.174 5457.174 5457.174
& (Cl 0.0001 0.0001 5055.964 5055.964
7 |Cpa 68.14 68.14 68.14 68.14
8 |Cpc 275.37 275.37 275.37 275.37
9 (Cpl 37792 377.92 37792 377.92
10 ([Cpw 75.4 75.4 75.4 75.4
11 (Ct 1.637E+04 |1.637E+04 1.637E+04 1.637E+04
12 ([Cw 5457.174 5457.174 1.051E+04 1.051E+04
13 [Cwo 5457.174 5457.174 5457.174 5457.174
14 |deltaH |-4.318E+04 |-4.318E+04 2.681E+04 2.681E+04
15|deltaHo |-7169.699 -7169.699 4254.626 4254.626
16 |E 21.4 21.4 21.4 21.4
17 |Fa 4.123198 0.3031365 4.123198 0.3031365
18 |Fao 4.123198 4.123198 4.123198 4.123198
19 |Fc 4.123198 0.3031365 4.123198 0.3031365
20 (Fco 4.123158 4.123198 4.123198 4.123198
21 (Fl 7.556E-08 7.556E-08 3.820062 3.820062
22 (Fw 4.123158 4.123198 7.94326 794326
23 [Fwo 4.123158 4.123198 4.123198 4.123198

Figure A.3: Polymath Report for the Chemical Reaction Kinetics of the Polymerization CSTR at Startup
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|23|Fwe |a123198  |aaz3198 4123108 |a.123108
24 [k 0.0087353  |0.0087353 (238337 238.3376
25 [k |1.2826+04  [420.8026 |1.2828.04 (5858417
26 ko 0563845 2009855 958,3845 2999865
27 [ko 2008516 [8.239057 20.08518 8.239057
[28]p |1.8326.08 1832608 [0.9284802  [0.0284802
20[w 0.001987  |0.001947 0.001987 0.001987
30 [ra 0.0044139  |-3.401308 0.0044130  [-0.2839123
[31 [rc |-0.0044130  [-3.401308  |-0.0044130  [-0.2839123
3211 0.0044130  |0.0044130  [3.401308 02639123
(33 [rw 0.0044130  |0.0044139  [3.401308 02639123
[3a [T | 352, 353, |555.0186 |555.0185
35t 0 0 1.BE+04 1.8E+04
36 [Ta 573, 573, 573, 573,

[37 [tau |1.85.04  [1.8E+04 | 1.BE+0¢ |1.8E+0¢
3]0 463, 463, 463, 463,

30 [Tr 473, 473, 473, 473,
[40[u 280, [2a0, [ 280, [2a0,

41 [v 13.6 13.6 13.6 13.6

a2 [vo 0.0007556  [0.0007556  |0.0007556 0.0007556
[43 [xa |0.3333323  [0.0245066  |0.3333333 (00245066
44 [uc 0.3333333  |0.0245066  [0.3333333 0.0245066
45 [xi 6.108E-09  |6.108E-09 0.3088268 0.3088268
[46 [row 0,3333323  [0.3333333  |0.6421601 (06421601

Differential equations
1 d{Ca)fd{t} = ra + (Cac-Ca)*wo/V
2 d{Cc/d(t) = rc + (Coo-Ccl*wo/V

3 d{Cd(D) = rl+{-C)"wo/V
4 d{Cw)/d(t) = rw + (Cwo-Cw)*™wo/V
5 d{THd(t) = {re*\v*deftaH-U=A*(T-Ta)}/[V*{Ca*Cpa+Cc*Cpc+CCpl+Cw™Cpw]}

Figure A.3: Polymath Report for the Chemical Reaction Kinetics of the Polymerization CSTR at STARTUP (continued)
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Explidt equations
1 ¥W=1316
mad, Chiok "o Molobook™
2 tau = 18030
In sec, Ogabta & hours residence Bmo, Fogler: 10min=dhour for indusirial CSTR
3 To= 190+273
COgaia, rangs 2002200
4 Ta =573
K, depondort on sioam using, high pressum
5 wo = \ftau
mdis
6 E=214
kzal'ma
J U= 280
B A= 2*314%[2°V/3.14)~[1/3))02
m, O=L, H=2L
9 FA=0%o
10 Tr = 473
in K, Sbheppan
11 Ct = Ca+Co+Cl«Cw
madimid
12 xa = Ca/Ct
13 Fa = Ca®"vo
mind!s
14 R = 0.001967
koal'mal K
15 =l = CIfCt
16 xw = Cwi/Ct
17 wc = CofiCt
18 Ko = exp({1-0.47*exp(-xw{1/2)/0. 2))*(B.45-4.2 *xw))
19 ko = exp{2.55-0.45*tanh(25= (xw-0.55]})+ 856 tanh{S0* ow-0. 10))- 11*{1-30.05*xc)

kol =18, koo and delaHo models trom Sieppan

Figure A.3: Polymath Report for the Chemical Reaction Kinetics of the Polymerization CSTR at Startup (continued)
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19 ko = exp{2.55-0.45*tanh(25=(xw-0.55]))+8.56*{tanh{S0* {ow-0, 107} 1}*{1-30.05=xc)
kal=]1hr; koMo and delaHo modols tom Sleppan
20 deltaHo = 7650*tanh(.5* [xw-0.52))+ 6500 exp(-xw/ 0. 065 )-B00
calimiol, conssor o Mrmiod: muliply 4.184
21 K = Ko *exp(deltaHo® 1040 3WR*(1/Tr-1/T}
lberafbore used Slopoan
22 k = ko *explE/R* 1T 1T}
Titw, Aerhenius squabon ol & convendenl Termp. Tr=2000
23 rov = Ok 3600* [ xo-x*xw K}
Sloppan and Glodicy, rin molm3s

24 ra = -rw
mindimid 5
25 rl = rw
26 Fao = (O-FI(-rl)*(-ra)+Fa
27 Cao = Fagfwo
modimd
28 Foo = Fao
29 Fwo = Fao
30 rc = -nw
31 Cwio = Pamgfvo
32 p = 1-CajCao
Frawchiorm of funclioral group amires (@), MIGHT be able b use dor aplimizaton,
33 o= Cc*wo
34 Fw = Cw*vo
35 Cco = Fagyvo
assuming Foo=Foo, due o siodohiomefric equimbcroo
36 Cpw = 75.4
37 Cpa = 68.14
Jimal. K, caloalnled, Mombune, checdk "chemical property™ S proads et
38 Cpc = 275.37
39 Cpl = 377.92
40 deltaH = deltzHo*4.184+(Cpl+Cpw-Cpa-Cpc)*(T-Tr}
Jimal

Figure A.3: Polymath Report for the Chemical Reaction Kinetics of the Polymerization CSTR at Startup (continued)
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Figure A.4: Polymath Plot of the Reaction Temperature vs. Time for the Polymerization CSTR at Startup
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Figure A.5: Polymath Plot of the Components Concentration vs. Time for the Polymerization CSTR at Startup
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Safety Data Sheets:

SIGMA-ALDRICH it
SAFETY DATA SHEET

Yamon 2.4
Rlevzaon Daks D52735801H
Pl Dl S1E3BIT

T FROOUCT SN0 COMESRT IDEHTIFICA T
1.4  Froduot ideriifers

Fraduat rame © Hexamethylensdiarnine
Prosel i1 Bl ¢ Hitese
Erand © AKch
Irafen-fon HE A Fa SRR
Dl B, o 124-004
1.2  Relavard idantified usss of the cubcizmos or mbcturs and uces sdelsed againet
=003 [T e Pee b Laberalory chemicels, Syttt of sulrlasies

1.2 Dedallc of the cuppllar of the safety data cheat

o puiany i Sigmae-Aldnch
050 Sproce Sl
SAFCT LOURS R 83100
LIS,
Tedphans : 41 B0D-326-BE32
Fax R AN bt v
1.4 Emargemay felaphons numbar
Emeegenoy Phono & : +1.703-627-288T [CHEMTREG)
T AEFSROE IOERTIFIC A TIOH

21 ClscHlcabon of B cubctanse or mixiurs

BHE ClzccHnefion In asccrdance with 28 CFR 1810 (0 BHA HE 3)

Acgle ooty Ural [Calegory ), HXGZ2

Al leaadty, Dermal ([Calegoey 4 HE12

Ebin cormusion |Categany 181 H314

Serous aye damage | Cafegory 1], MR

Gpracific: Largal asgan | Iy - singhs s W | Category 3], Reepirson ayslam, HIZE
Acale aguet loekely (Calegony 31 HE02

For tha il bl ofl tha H-Sistemeniz menboned in inis Sachon, mee Section 18,

2.2  EHE Labsl alemnendc, Inoluding precssdionary ctataments

o S

Sigralwoed [Canger
Hazard aralamantis)
N2 + W12 Hamiu § swabowed or in contact weth skin
HE 14 s i skin burms and aye damige,
HE1E oot Seio o s o Ml g,
HS Way cause mspiraloy iTiation,
H4L2 Hasrrmlul i dgealic ik,
Frecaulanary sialemenlis)
P2 Lo nod bresdhe dust or med
e - HI'1EDE Pam1a B

Figure A.6: Safety Data Sheet for HMDA [4]
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F2E4
Famh
P2
Far3
FRED

F301 + P34z = P230

P01 + PO + PO
F303 + P361 + P353

FOHH 4 Frlad = PR
Fa0s + F251 = P238 = PZ10
Fagx

PHES + PN

Fa0s
FE01

WWash skin haroag iy aller nanding.

Dz nod ead. drink or s=oke wen wng tis prodoec.
Lz only caldoans o ina wel-senhioed srea,
Ao rebeass 10 e eivitanmant

Voo proleclian gloves’ praleoive clothing! &es prakecton face

prodeciion,

IF SWEALL CAWED: Call a POISOMN CEMTE RMiochor f wod tesl uintwsall
Rinsi moudh.

IF SWWSELLCAYELY: Hinss mosth. Do HOGT mducs somiing.

IF 0% SN for raivk Tawi off mrmadislely al conta minabed clefing.
Rinsi skin with waienshiesor

IF FHALLDL: Re—ove persor 10 fresh ar and kssp cohodabs or
breaifing. Imsedaiely cal a POIEON CERTERMozior,

IF B EYES: Firan cautioushy with walis for seseral minules. Remos
ronkact lenzee. F presam and sasy i do. Conbnus rinsing, mmesdoisy
tall @ POISON CEMTER docior.

Wash contaminaied clolhing bodone neuso.

Shee in & well-venibied place, Kesp comlans Gghlhy clossd,

Etorn ke ap.

Dispasa of conlents’ cordal er 1o am approved wasie d=posal plarm.

%%  Heesrdo not othersics claccifad (HHOC) or ot covenad by BHE - nona

1. COMPO BTIOMINFORMATION O IRGREDIENTE

BN | Eubcbanosc.

ST 1.6-Oismironexans
1. E-Huamamad amine
Fas=ula CgHgleg
Wegcadlar waigil 116230 plesol
CAEMdo, 124084
EE-Mo J0E-Hra-g
et -, B12-404-00-3
Hezsrdous Somponearic
[ Component | pe=ifcation | Concenirabon
Heuamashyisnsdlzmins

Al Tooa. 4; Shon Coar. 16, <= 100 %
Eye Dam, 1: 5TAT 8€ X%
Agquslic Acaa 5 H30D
H312, H314, HX18, H33h
Ealiks

Fae e Bl basl o 1e H-SSisbe mants menboned in fnis Sachion, sas Seclion 10

L FIFAT AIDMEEFORET

4.1 Decodpon of first sl meacumec

Caneral advins

Corsull a phymbzan, Show e salely Sl a%mal B e docior in allerlanee Mave ol of dir e dma,

IT Inhafad

W braairad In, moss parsen o fresh @ 0 nol Brealhing. g anficlal sesprration. Consult o physaolan,

In cace of ckin comdmat

Tl S contanvnaied chifing and Shoad middialos. Wash ofl with soad and plenty of woter. Corcal & physiian.

In cace of ays contaot

Ferras thramuighly wiin phenly of waler for gl lassl 15 Siouies sl <ol & pirgsicen, Canticoug fine ng eyee duing

(AR S

Mg - HI 1B

Figure A.6: Safety Data Sheet for HMDA [4]
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Compenent CAS-Ne. ‘alusa Contral Bask
paranmabers:
Hexameihyenediam | 124-09-4 TWA 0500000 pprm | LISA. ACGIH Threshold Limit Valuas
ire [TLW}
Remarks Upper Respiratory Tract iritagion
Skin irmtation
T Ay 10000080 ppm | LISA, Workplace Environmental
Exposurg Lavels WEEL}
FEL 0.5 ppm Calitomia parmissble axposua
2.3 mgim3 lirnits for chemical contaminanis:
[Tithe &, Article 107)
82  Exposzura controls
Appropriata englnesring controla
Handke in accordance with good industrial bygiene and safety practice. Wash hands befare breaks and at the end of
wiorkd sy,
Parsonal protective aquipmeant
Eyaitace protection

Face shield and safety glasses Use equipment for eye profection sested and approved under appropriase
gowarnment standands such as MICEH (LIS) or EM 1GEEU]

Ekin protection

Handle with gloves. Gloves must be inspecied prior o use. Use proper ghave remowal bechnigue (withaut
souching glovwe's ower suface) io avod skin cortact with this product. Dispose of contaminated gloves aber

uge in accordance with applicable laws and good laboratory praclices. Wash and dry hands.

Full contec
Material Mitrle nibber

Minimum layer thickness: 0.4 mm

Braak through time: 480 min

Material teated Camatii® (KCL 730 ! Aldrich 2677442, Sima M)

Splash comact
Material hithle rubber

Minimum kayer thickness: 0,11 mm

Break through tirmea: 80 min

Mdaterial tesbed Darmatril® [KCL 740 ! Aldrich D377372, Size M)

data source: KCL GmbH, D-36124 Echenzell, phone +49 (G858 7300, e-mail sshesilkcl.de, test method:

EMIT4

W used in solution, or mixed with ther substances, and under conditizns which dftar from EM 374, contact the
supplier of the CE approved ghoves. This recommendation i advisory only and must be evalualed by an
industrial hiygienist and sadety officer famiiar with the spedific stuation of anticipated use by our cusiomers, It

should not be consirued & offering an approvel for any specific use sCenanio

Bady Protection

Camplete il prolecting agains chemicals, The lype of prolective equipment musl be selecied acoording o

the concentration and amount of the dangeraus substance at the specific workplace.

Respiratony protection

Whare nsk agsesamant shows Bir-punfying respiralors are appropriate e e ul-face parice respraior ype
MAD0 (LIS Oof Dype F3 (EM 143} respiralorn I:&"l.'ﬂlul!@ a8 8 backup 1o ar‘glr‘ﬁerlng conirsa. I the regpiralor i@ the
sole means of proteciion, use a fulbface supplied &r respirator. Usse respiratars and companents tested and

approved under approprste govamment standands such as NIOSH (US) or CEM (EU)
Caonfrol of envircnmental expoaure

Prevent further leakage or spilage i sale to do so. Do not et product enter drains. Dischange inta the

arrronment must b avoided

3. PHY 3ICAL AND CHEMICAL PROPERTIES
51  Information on baelc phyelcal and chemicsl propertias

a)  Appearance Farm:

Akdrich - H1 1608

Miceos - HIE

solid

Page d of &

Pogm 3 o B

Figure A.6: Safety Data Sheet for HMDA [4]
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Calour: colouriess

b Cdowr Mo data available

cp  Chdowr Threehold Mo data evailabka

di pH 124 at 100 gl an 25 50 (T7 °F)

&) Meling pointfresazing MeRing paintirange: 42 - 45 °C (108 - 113 °F) - .
Emnt

i Iritial baiing point and 204 - 205 °C (395 - 401 “F}
boiling range

gl Flash paint BOC (178 “F) - clased cup

h)  Evaporation rate o data mvailaba

i}  Flammabiity {solid, gas] Na data availabbs

il Upperower Uppear exphesion limit: 6.3 %)
flammakhilty or Lonever epbasion limie: 0.7 %)
eaploaive Fmile

k}  Vapour pressism Mo data availablz

I} Vapour dersity 401 - {&ir = 1.0}

m} Relativa dansily 0.88 gicm3 at 25 °C {77 “F}

ni  Water solubilitby Mo data avalable

a) Pariian coefficient: n- log Pow: 0002
oozanalivaser

ol Auioeignition Mo data svailables
lEmpETRturE

q] Decomgostion Mo dats avalabls
eEmpETRurT:

rl Viscosity Mo dats avalable

&)  Explasive properties M dlata availabile

1 Cuidizing properties o data available

8.2  Oiher safety Information
Relasher wapowr density 4,001 = {Air = 1.4])

10 FTASILITY AND REACTITY

101 Reactivity
Mo data available
102 Chemical stabliity
hygroscopic
Siatrle under recommended sorage conditions.
10,3 Poesiblity of hazardouws rescilons
Mo data available:
10,4 Condiflons to aveld
Mo dala availaie
10,5  Incompatibls materials
ackis, Acid chlorides, Acid anhyrrides, Strong axidizing agents, Carkan dicedde (C02)
108 Hazardows decomposaition products
Hazardous decompasiiien produsts fommed under fine conditions. - Carbon caides, Mirogen oxides (MOx)

Oither decompasition products - Mo data available
In the event of fine; see seciion §

Aldrich - H1 1808

Figure A.6: Safety Data Sheet for HMDA [4]
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1. TOXICOLOGICAL INFORMATION

11.1  information on foxlcologleal effacts
acute foxlcity
LEED Diral - Rat - T50mgikg
LEE0 Darmal - Rabbit - 1,110 mg'g
Mo data avallabla
5kin cormoslonrritation
Mo dala available
Sarlous eye demageteye Irrifation
Mo data available

Respliratory or akin sanslflaation
Mo data available

Garm cell mutaganicity

Mo data available

Carcinogenicity

18R Mo companant of this product presant 57 lavels greater than or equal ba 0.1% |5 Identfad as
probable, possible or confirmed human cancinogen by IARC,

WTP: Mo compansant of this product presant &t leeels greater than o egual ta 0.1% is identified as &
knasn or anticipated carcnogen by NTP

DEHA; Mo companen: of this produet present at levels preater than aor equal ta 0,1% is denbfied as a
CANCInNcgan o potantial caninagan by CrEHA

Reproductive toxlcity
Mo dala available

Mo data available

Spacific target organ toxIcity - slngls exposurs
May cadse feapirabary iritation.

Spacific target organ toxicity - repeated axposure
Mo data available

Azplratton hazard

Mo dala availabie

Additional Information
RTECS: MO 180000

burning sensation, Cough, wheszing, lanngitis, Shortness af breath, spasm, inflammation and edema of the g,
spesm, ammatcn and adama of tha bronchl, preumaonits, pulmanary adama, Matanal is extramely dessnictive 1o
fasie of the mucous mambranes and Upger respiralony ract, eves, and skin., To the Best of our Kf‘ﬂmﬁ". the
chemical, physical, and toxioological praoperties have not been thamoughly nvestigated.

Liar = Irregularities - Based on Human Evidence
Liveer = Irregularities = Based on Human Evidence

12 ECOLOGICAL INFORMATION

121 Toszlcity
Taricily 1o fish LCS0 - Leuciscus idus [(Golden orfe) - 62 mgl - 896 h
Tazichy o daphnia and - ECSD - Daphnis magns (Water flea) - 234 mgll -43 h
ather aqueatic
irmsertebrases

12.2 Parslstence and dagradablity
Mo data availabia

Aidrich - H1 1806 Pagu e of &

Figure A.6: Safety Data Sheet for HMDA [4]
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1235

124

125

128

Bloaccumulative potantial
Mo data available

Maoblitty In soll
Mo data availabie

Resulis of PET and vPVE aasasamant
PHTWvPvE assessmant not available as chemical safety assessment not reguined/not conduched
Otnar adveres affacts

An amdronmental hazard cannot be exchided in the event of unprofessional handing or disposal.
Hamful o acquatic lie.

13 DIFPOEAL CONSIDERATION S

131

Waata treatment mathods

Product

O surplus and non-recyclalble solutions w8 licensed dispesal company. Contact 8 licensed professional wasse
disposal serdce o dsposa of this matarial, Dissolve or mix the matenal with a combestible sabeent and buarnin a
chemical iIncnerator equippad with an atarburner and sonibbsar,

Contaminafed packaging
Dispase of as unused praduct

14. TRANSPORT INFORMATION

DoT [US)

UM numbar 2280 Class: 8 Facking groug: Il
Praper shipping name: Hesamethylensdiamine, solid

Reporable Cuantity (RO

Paigon nhalation Hazard: Mo

IMDG

UM number 2280 Class: 8 Packing groug: Il EMSMNa F-A, 3-B
Praper shipping rame: HEXAMETHYLEMEDIAMIMNE, SOLID

1ATA

UM number: 238] Clas=: 8 Packing graug: I

Praper shipping name; Hezamethylenediamine, sobd

15. REGULATORY INFORMATION

Aldrizh - H19608

EARA 302 Components

Mo chemicals in this malerial are subject to the reparting reguirements of SARA Title |1, Saction 302,

ZARA 313 Components

This matanal doss not contain any chamical compenants with knoan CAS numbsars that axcead tha threshold (Da
Minimis) repaming lavels established by SARA Tite 1, Section 313.

SARA 3110312 Hazardas
Anute Healih Hazard, Chranic Health Hasad

Maszachussiis Right To Know Componanis

CAS-Mo. Rewizion Date
Hezamethylenediamine 124-0r8-4 1803-04-24

CAS-MNo Hevesion Data
Hemamethylenediaming 124-0r8-4 1Ba3-04-24
Pannzyivania Right To Know Componsants

CAS-MNo Revisian Date
Hemameshylenediamine Tdd-0ri-4 1581 3-Da-24

Figure A.6: Safety Data Sheet for HMDA [4]
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CAG-No. Revisian Date
Hewameshylenediamini: 124=0r0-2 18900824

Hew Jarsey Right To Enow Componsnts

CAS-Mo. Revizion Date

Hexameshylenediamine 124-08-4 1893-04-24
LGAS-Mo Hewizon Date

Hemamesidenediaming 124-03-4 18893-04-24

Callfornla Prop. 85 Components

This prodiss does not contain any chemicals known i State of Calfornia to cause cancer, bich defects, or any other

reproduchive hanm

1E. OTHER INFORMATION

Full text of H-3{atements referred to under =actions Z and 3.

Acuba Tox, Acune ioxicity

Aqualic Acute BCLRE B0UETHC Iomicity

Evye Diam. Serious ey damage

HE2 Hamful if saaloeed

H302 + HI12 Hamniul il swaliowed of in comadl wilh skin

H312 Hamnful in contec with sxin.

H314 Causes severe skin burns and eye damape,

H318 CAausas safious aye damapa.

H335 My cause raspiratony intation.

HMIE Rating

Health hazard: ]

Chironic Health Hazard: :

Flarnmability: 1]

Physical Hazard 1]

HFP& Rating

Hezalth hazard. 3

Fire Hazard: 2

Reachvity Hazerd: 0

Further Information

Copyright 2018 Sigme-aAldnich Co. LLC. Licensa granted 1o make unlimited pager copies Tor ntemal use onky.

The abave mformation is belisved b be comect bt does not purpon o be al nolusive and shall be used anly as a
Quidka, The intormatizn in this documant is based on tha present siame of our knowladge and & applicabks i he
product with regard 1o appropiale salety precautions. It does not represent any guarantes ol the preperies of tha
product Sipma-Aldrich Comporation and its Affliates shal not be beld Eabie for any damage resulting from handiing

or from contact with tha above product, See wasw sigma-akdnch com andior the revarsa sida of Involce oF packing
glip for addiional tams and condilions of sale.

Preparation information
Higma-Aldrich Corporation
Product Salaty — Amaricas Region
1-800-521-B056

ersion: 5.8 Revision Dale: 0G232016 Print Date: 014252017

Aldrizh - H1 1628 FPaged of &

Figure A.6: Safety Data Sheet for HMDA [4]
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Adipic Acid

SIGMA-ALDRICH

Sdhgrma-aldrich. oo

SAFETY DATA SHEET

Wemsion 491

Rénision Data 0662016
Prird Dt 012327

1. PRODUICT AND COMPANY IDENTIFICATION

1.1

Product [dentiflars

Product name Adipic acid

Praduct Mumber » ADBART

Brand Higma

I -ha. 807-144-00-9

CAS-Ma 124-04-1

Relgvant ientified uses of the substance or mixture and usss adviesd against
ientifien] uses: Latworatory chemicats, Synthesis ol subsances

Dietalls of the suppller of the safety data sheat

Campany Slgma-akdrich
050 Spruce Sreat
SHINT LOLWIS M 83103

LISA,
Telephone o+ BI0=325-5037
Fas +1 B00-325-5052
Emergancy felaphone numbsar
Emergency Phone # #1-T703-52T-38E67 (CHEMTREC)

2. HAZARDS IDENTIFICATION

21 Clagsifcation of the subsfance or mixturs

GHS Classification In accordance with 23 CFR 1310 (0 3H& HC )

Eye irritation {Category 2A4), H319

Acute aquatic soxicity (Category 3), HA02

Far the full iext of the H-Statements mentioned in this Section, see Sechon 16
22 GHS Labsl slements, Including precautionary statements

Piczogram @

Signal word Warning

Hazard siatamen|s)

H318 Causes saraus ey iritation.

H42 Harmdud s squatic life

Precautionary stabemaerntis)

P64 Wash gkin thomoughly &thar handing

P2T3 Ao relessa o the amdronment.

P280 Waar aye protection’ face protectian

PIA0E + PI51 + PI3B IF IM EYES: Rinse cawniaushy with water far several minutes. Remones

conlac! lensed, it prasent and easy bo do. Continue finsing

PI3T + P13 IF ey irrilation perdsts: Get medical advice’ attention

PaEO1 Dispose of contenis! container 1o an appeoend waste disposal pland
Sighna - A2E357

Figure A.7: Safety Data Sheet for Adipic Acid [5]
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2.3  Hazards not otherwies classifed [HMOS) or not coversd by GHS
Cominsssinle dust

3. COMPO SITIONANFORMATION ON INGREDIENT &

31 Subefances
Synonyms Hewanedioic acid
ADI-PLURES high purtty adipic ack
ADI-FURE® LGA sdipic ackd

Fommula o CgHynty

Mz ular waighi 14814 gl

CASMNa T 124048

EC-Mo 204-673-3

Inida-Mo. GOT-144-00-9

Hazardous componsnts

Componan | Clazsification | Concantration

adiple acid
Ewe lrriz, 28 Aquatio Acute 3; | <= 100 %
H318, Hand

For ther full teas of ther H-Sxatemerts mentioned in this Sectian, see Sechon 18

4. FIR3T AID MEAZURES
41 Deacription of Tirst ald maasurea

Ganeral advica
Consull & physician. Show this safety data shaed 10 the doctor in ablendance Move out of danparous anea

If Inhaled
i breathed Im, mose pEarscn inbae fresh air. IFnot breathing, give andicial respiration, Consut a physcian

In caee of akin contact
Wiazh alf with soap and plenty of water. Carsult & physician.

In caee of eye contact
Rinza thoroughly with plenty of water for &t least 15 minutas and consult & physician

If swallowad
Mewer give anything by maouth fo an unoonscious person. Rinss mouth with water, Cansult & physician

42 Mozt important symptome and effects, both acuts and delayed
The: mast imporant known symptoms and efincks am described in the labeling {see sechan 2,2) andiar in section 11

43  indicztion of any Immediate memical stention and special trestmeant nesded
Mo data avalkabie

5. FIREFIGHTING MEASURE 2
51 Exfinguizhing msdla

Sultable extingulzhing media
Use water spray, aloahal-nesistant foam, dry chemical ar carban dioxide

52  Special hezarde arfelng from the substance or mixture
Mo data available

53  Advice for firefightsra
Wear seff-contained breathing apparatus for fredighting if necessary,

5.4  Further Information
Mo data avallabia

Ay - 435357 Paapia & of &

Figure A.7: Safety Data Sheet for Adipic Acid [5]
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6. ACCIDENTAL RELEASE MEASURE S

8.1  Personal precautions, profective equipment and amergency proceduras
Use personal pratecind aouipment. Ay dust formiatian Al birzathing wapours, mist ar gas Ensure adequats
wanlilalion. Awd bl'-EEIII‘-II'I-;; dusl.
For persansl prodecian See sectian B

8.2 Environmeantal pracauflons
Pravent furthar leakage or spllege f 5at8 to do 50 Do not et preduct anter drains. Discharge into tha endronmant
il e avoidadd,

§.3 Mesthods and materials for contslnment and cleaning up
Pick up and arrange disposal wrhout creasng dust Sween up ard shovel. Keep in suitable, clsed contairers far
desposal

64 Refersnce to other sactions
For dispasal sae sectian 13,

7. HAMDLIMNG &MD 3TORAGE

7.1 Precauflons for safs handling
Furhar processing of solid matanaks may resull in the formaton of comizessiole dusts. The poiential for combusiible
cust formatian should be taken inta consideration before addilional processing ooours. Seaid contact with =in and
ayes. Avoid farmation of dust and arrasols
Provide spproprate exhaust vaniilation ai places whera dust is Tormmed
For precautiaong ses sectian 2.2,

7.2 Condiflons for safe storage. Including any Incompatibiities
Keep oontainer tiphtly closed ina dry and welyentilased place

7.3 Spacific and ugaia)
Agpart Trom the uses mentioned insection 1.2 no olher spacilic u=es ane stipulaed

B. EXPOSURE CONTROLSIPER 2DNAL PROTECTIZN
81  Confrol paramstars
Components with workplacs control parameters

Comiponent CaS-No Walue Conirol Basis
paramalen

Adipic: acid 124-04-3 TWVA, 5, LI ORI U154, ACGIH Threshold Limit Valusas
mg'imd (TLW

Remarks Upper HE‘El'.“II'E-".‘G‘I'j' Tract Frilation
ANS imparment
T A 5 mpfm3 UISA. ACGIH Threshold Limit Valwes
(TLW}

Upper Respiratory Tract irilatan
ANS I parTn et
FPEL 5 mp'm3 Califomia permissinle exposim
lirmite: for chemical cantaminants:
[ Tithe &, Article 107]

6.2 Exposurs controls

Appropriata engineering controla
Handkz in accordance with good industrial hygiene and safety practice. Wash hands befane breaks and at the end of

ik By
Parsonal proteciive equipment

Eyaiface protection
Sadety glasses with side-shields conforming to EM1E6 Lse equipment for eye protecton sested and approved

under apprepriaie gowamment standands such as MICEH (L1S) or EN 1GE(EL)

S - A23ET Pagad of &
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3.z

10 STABILITY AND REACTINTY

101

2

103

10.4

1.5

108

m] Relathe densiy Mo data available

nl Waber solubility 23 gl at 25 °C (77 °F) - soluble

o) Fariion coeflicient: n- o Pow: 0.083 al 25 °C (77 °F)
ptaraliveater

Bl Aulo-ignition = &0 °C = T52 °F)
IEmperature

q)  Decomgostion Mo dala avalable
Iemperature

f} Miscosity Mo diata avalable

s} Explasive properties Kot exploshe

u

Cridizing praperiss

Other =afety Information

B derssity

Solubiity in other
soivants

Dissaciatian consian!

Mo daba svailable

0.7 g

RMethanal - soluble
Ethanal - soluble
Acators - salubka
Bernzens -SEQHU?WH.L'IFE

443 a1 20 °C |88 °F)

Reactivity
Mo data awallable

Chemical stabliity
Siable under recommaerded BLOrace candilicns.

Poaziblifty of hezardous resctions
Mo data asailable

Condiflons to avold
Mo data availabie

Incompatibés materials
Strang axidizing agents

Hazardows decompoaition products

Harardous decompasilion products fommed under fie condtions. - Carban axides

Oithesr decompasition products - Mo data available
In the: event of fire; see seciion 5

1. TOXICOLOGICAL INFORMATION
11.1  Information on toxlcologlcal effacts

Acute toxicity
LDED Cral = Rat - male and femalke - 5,560 mgikg

{LYELD Tast Guadeling 401}

LEA) Inhalation - Rat - maks and femals - 4 h- = 7.7 mgl
(ECD Test Guidkaline 403}

L= Dfrnal - Rabbil - male and feraks - 7,840 mgikg
Mo data available

EKin cormosloninritation
Mo data available

Sigva - A2E357

Page = of &
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Sarlpus eye damagedaye Irritation
Reaplratory or akin sanslflaation
Memimisation Test - Guinaa pig

Resull: Does nol cause skin sensitisation.

arm cell mutaganicity

Hamser

fioroblast

Resull: negative

Ral - male

Result negative

Carcinagenicity

AR Mo companant of this producs presant 51 lavels greatar than or equal b 0.9% is identfied as
probable, possibe or confirmed human I:'Ell'l:‘pil'ﬂ}l;ll!l'l by IARC.

WTP: Mo campanent of this produc? present & levels greaber than or sgqual o 0.1% is identified as a

kniowm or anticipated carcinogen by NTP
LrHA: Mo compaonant of ths producs presant 61 levals greatar than or equal to 0.9% s idenbfied a5 a
caninogen of polantial cardnogen by D3HA

Reproductive foxicity
Mo data avaibs ble

Mo data availabic

Spaciic target organ toxicity - singla exposura
Mo data availabie

Spacific target organ toxicity - rapeated sxposure

Mo data availablc

Agplration hazard

Mo dala gvailabie

Additlonal Information

RTECS: ALEA0000

Ta the best of cur knowledge, the chemical, physical, and tovicological propedies have not been thoroughly
Irvashigatad

12 ECOLOGICAL INFORMATICON

121 Toxlcity

Toxiciy to fish static test LG - Brachydanio reno (zabrafish} - == 1,000 mg - 96 h

Taxicey to daphnia and  Immchiization LGS - Daphnia magna (Water fiea)] - 48 mgil =48k

oiher aquatic [DECD Tes! Guidaling 202}

irmverbehrates

Taxicity o slgas static test ECS0 - Pssudokirchneriella subcapitata (slgae) - 58 mgl -T2 h
[DECD Test Guideline: 201)

Taxiziy to bactena Riespiration inhibition ECS0 - Shadpe Treatment = T810mgl =3 h

[DECD Test Guldeling 20H]

122 Perslstencs and dagradabiity
Biodegradability warabic - Expisure Sme 30 d
Riesult: 82 % - Readily biodegradabie
(CDHECD Tast Guidaline 3010

123 Bloaccumulative potantial
Mo data available

S - AEA57

Pag e of &
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16 OTHER INFORMATION
Full taxt of H- 3tatements referrad to under sactions 2 and 3.

Mequatic Acine Acuse aguatio iodcity

Eye it Eye Imration

H318 Causas gefious aye Frilaton.
H402 Harmiul bo aquatic life.

HMIS Rating

Health hazard: 2

Chronic Health Hazard:

Flammability: 1

Physical Hazam 0

HFPA Rating

Health hazard: 2

Fire Hazard: 1

Reactivity Hazam: o fessanal wase

Further Information

Copyright 2018 Sigma-Aldrich Co. LLC. License granted o make unlimited paper copies for intemal use anky.

The abave mformation is balieved to be cormect b does not purpan: o e all nolusive and shall be used anly as a
guidka. The information in this decument is baged an tha present staba of our knowledge and i applicabila o the
praduct with regard 1o approgiate ssfety precautions. It doss not represent any guaranies of the properties of the
praduct. Sipma-Aldrich Comporatian and its Affliaces shal not be beld able for any damage resulting from handing
or from contact with the above prodect, See waew sigma-akdnch, com andiorn tha revarse side of invslce oF packing
slip for additional terms and conditions of ssla,

Preparation information
Sigma-Aldrich Corporation
Product Safety — Americas Region

1=8(-521-8955
Warsion: 4,71 Reasion Date: 06082016 Pring Date: (01235017
2.
b threshohd (De
it
pteE
Sigima - A2E367 Pagad of &
flﬂ
MANIPIC ALK l2g-1 8- (R B R

Callfornla Prop. 65 Components
This product does not contain any chemicals known 1 State of Caldormia to cause cencer, binh defects, or any cther
reproductive hanm.

g - A2E35T Paga 7 of &
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Nylon 6 6

11

SIGMA-ALDRICH .

SAFETY DATA SHEE
Raision Data :}E‘f:lnnlgnﬂ 3
Frint Diaste 01/232017

1. PRODUCT AND COMPANY IDENTIFICATION

Product Identifars

Praduct name N}fh:ll'l B/6

Product Number TR

Brand Aldrich

CASMa s A21%11T2

Relevant identified usss of the substance or mixture and uses advieed against
entified uses Labaratony chemicats, Menutacture of subsiances
Detalls of the suppller of the satety date sheat

Comgpany Sigrna-Akdrich

3050 Spruce Street
SAINT LOLE MO 83103

LUSA
Talephone +1 B00-325-5832
Faax +1 B80-325-5052
Emergency telaphons number
Emargency Phone # +1-T0E-52 V- (CHEMTREL)

21

22

.3

31

2. HAZARDS IDENTIFICATION

Classification of the substance or mixture

Mol a hazardous substance of mixiing.

GH§ Labal alements, Including precautionary sfatemants

Mot & hazardous subistance or mixtune.

Hazards not otherwiss clasalfled [HNOC) or not covered by GHS - none

3. COMPOETIONINFORMATION ON INGREDIENT 3

Substances

Synanyms Palg(M, N -hexamethylensadipinedamide
Puoly{hmmmaettivlans adipamide)

Fomita CygHaeMz04

Molacuar Waight 262 35 gimal

CAS-MNo. 32131172

Mo ingredients are hazardous acconding 1o O5HA criseria
Mo components need %0 be disclosed according 1o the appicabie regulations

4 FIRST AID MEAZURES

41 Deacription of firat ald measures
I Inhalad
i breathisd im, move parsen inba fresh aic. If not breathing, give arificial respiration.
Aldrich - L2171 Paga 1 ol &
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In czse of ekin contact
Wash off with spap and plenty of water,

In caee of eye contact
Flush eyes with WaIEr 85 & pRecaution

I awallowad
Mever grve anything by mowch 5o an unoonsoioes parson. Rinse mouth with waier

42 Mozt important symptomes and effects, both acute and delayed
The most imponant known symipions snd efects are described in the labaling [see section 2.2) andior in geclion 11

43 Indicztion of any Immediate medical attention and special treatment needed
i data availahle

5. FIREFIGHTING MEASURE S
51  Exfinguizhing media

Eultable extingulshing media
Usex water sprivy, aloahal-resistant faam, dry chemical ar carban diomide.

52  Spacial hazarde arieing from the substancs or mixture
Carbon cmdes, nirogen oxides (KC)
53 Advics for firefightsra
Wisar self conlained braathing spparmtusg far fire fighting if necsssary

54  Further Information
no data avellanle

& ACCIDENTAL RELEASE MEASURE S
8.1  Parsonal precautions, protective equipmsnt and smergency proceduras
Awaid dust farmation. Aveid breathing vapouns, mist or gas
For personal profecion sae secion 8
82  Environmantal precaufions
Do ot let produst enter drains.
5.3  Methods and materiales for containment and cleaning up
Swoep up and showel. Keep in suitable, closed comainers far dsposal
5.4  Refersnce to oiher gactions
For disposal sbe section 13,

7.HANDLING &ND 3TORAGE

71 Precautions Tor safe handling
Provide sppropriate exheust venfilation af places whena dust s formed Normel measunes for presaniie fire protaction
Fof precaubions see seation 2.2
7.2  Condiflons for safe storage, Incleding any Incempatibiities
Knep cantainar tightly closed in a dry and wel-ventilased place
7.3 Spaciic and usa(a)
Apart Trom the uses menlioned in section 1.2 no oiber specilic uses ane elipulated

. EXPO 3URE CONTROL 3PER 30ONAL PROTECTION
81  Control paramatars

Companents with workplace control parameters

Containg no subsiences with accupetional exposura imit vakies
8.2  Exposure controls

Approprizta enginesring controle

Gereral indussnial I'I'_-'gH'!I'H'! prachce

Adrich - 2217 Page 2 of &
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Parsonal protective aquipmeant

Eyaitace protection

Usa equipmant foraye prolecion tesiad and approsed under appropnate govarmment stendards such as
MIOSH (LS} or EM 18BEL)

Skin protaction

Handle with gloves. Glowes must be inspecied prioe 3o use. Lise proper glove remosal iechnique (wizhout
touching ghowe’s auwrar suface) to avold skin conisct with this product. Disposa of conbaminaned gloves aftar
use in accordance wilh spplicaine laws and good labaratony praclices. Wash and dry hands.

Bady Protectlon

Choose body pratection in ralation o its lypse, to the concentratian and amount of danperous subistances, and
o the specific work-place., The type of protectve equipment must be selecied accomding to the concentration
and amaunt af the dangersus sub=siance al the apacilic workplace.

Reapiratory protection

Respimtory protecsian & nat required, Where protection from nuissanos levels of dusis e desined, use bpe
MG (LS or type F1(EN 143) dust masks. Usa resplirators and components asted and aporowed under
appropriale guonsernement glandards such a8 MIOSH (LIS} ar CEM (EU)L

Caonfral of anvircnmental eXpoeEurs
O mat liet product enser drains

3. PHY SICAL AND CHEMICAL PROPERTIER
81  Information on baelc physlcal and chamical propertias

a) Appoarance Farm: peliats
Colour: white

b} Cdor no data availabic

gl Oddowr Threshold nio dala available

dy pH no dala avaitabde

o] Malting pointfreszing MeRing paintirange: 250 = 260 °C (482 - BO0°F) - Ik,
peoint

i Iritial baiing point and  no data availabie
beoibng ranga

gl Flash paint no data available

h)  Evapouration rate no dits avaikabis

it Flammabdity (sold, gasl no dala availabie

il Uppericaer no data availabie
Hemmabilty of
exphosive Emits

K} Wapour pressure no dala avaitabde

I} Vapour dersny nio data availabic

m] Relative density 114 giml &t 35 °C (77 “F)

nj  Wabar solunilty e deia avellahle

a) Panrianoocficient: n- no data availabie
csarlivaiar

Bl Aunceipnition na data available
Denpreratune

q1 Decomgposton rie cata available
temperature

rl  Viscosny e clata available

5} Explasive properties no diata avaikable

Eldrich - 220171 Fage 1 ol &
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8.2

t Chiidizing properties no data available

Othar zately Information
na data available

10 STABILITY AND REACTITY

101

2

10

104

105

18

Reactivity
no data avallable

Chemical stabliity
Stairhe under recammended starage canditions.

Posslblifty of hazardous reactions
na data availanle

Conditlons to avold

nic data available

Incompatibla matsrials

Sirong aeldizing sgents, Srong bases
Hazardows decomposition products

Dihar decompasilion products - no data avaldable
In thee ayent of fire: see section 5

11 TOXICOLOGICAL INFORMATION

111

Information on foxlcologlcal affacts
Acauta foxlclty

na data availanle
nbalation: no dala available
Demal no data available
no deta avallabnle

Ekin comoslonrritation
mi data avasilanle

Eerlous sye damagetaye Irritation

na data avalanie

Resplratory or akin sensitleation
o data available

Garm cell mutaganicity
na data available
Carcinogenicity

I1AHL: Mo componant of this product presant 61 levels greatar than or equal to 09%, §s identfied as
probable, possibie or confimed human caminogen by IARC.

ACGIH: Mo companent of this product presant &t levels greater than or egual %o 0.1% is identified as a
carcinogan or potential carcinopen by ACGIM

NTF: Mo componant of this product presant 87 levels greater tham or egual b 0.1% s kKenbfied as a
Kroswm oF anlicipated carcinogen by NTR.

DSHA: Mo companant of this product presant &1 lesels greater than oF equal b 009% is identified as a
carcinagan or patantial carcinopen by OEHA

Reproductive foxlcity

ni data available

i data availanle
Epacific target ongan toxlcity - singls exposurs

na data availanle

Aldrich -42HTH Faged of &
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Epacific target organ toxlcity - repeated axposwre
er daca avalatle

Agpiration hazard
ne data available

Additlonal Information
RTECS: Mot available

Ta ther best of our knowledge, the chemical, physizal, and toxicological propedies hawe not been thoroughly
Invastigatad

1 ECOLOGICAL INFORMATION

121

122

123

124

123

128

Taxlcity

ma data available

Paralstence and dagradablitty
er daca avalatle

Bloaccumulztive potantial
no data availanle

Moblity In goll
er daca avalatle

Resultz of PET and vPVE sazasameant
PETAWFYE assessmant nol available as chemical salaly asseasment nod reguired'nol conducted

other adverae affects
nie data available

13k DIEPOEAL CONSIDERATION 3

121

Wagts treatment mathods

Product
Ot surplus and non-recyclaiie solutions 1o a licensed disposal company.

Contsminated packaging
Dhspase of as urused product

14. TRANSPORT INFORMATION

DOT (U5}
Mol dangeraus goods

IMDE
Ml dangeroLs goods

lATA
Ml Hangenaus goods

15. REGULATORY INFORMATION

Eldrizh - 420171

SARA 302 Compaonents
SaRa 302 Mo chemicals in this matenal ane subject o fie reporting requirements of SARE Tele 11, Section 302

SARA 313 Components
SARA 313 This material doss nol contain any chwmical componenia with known CAS numbars that axcead [ha
shreshold {De Minimis) reporting levels establishied by SARA Tithe 11, Sechon 313

S4RA 312 Hazards
Mo SARA Hezands

Mazpzachusestis Right To Know Components
Mo companents ame subject to the Massachusetls Right fo Know At

Figure A.8: Safety Data Sheet for Nylon 6 6 [48]
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Pannsylvania Right Ta Know Componants

CAZ-No Revisian Date
Paoly(M M-hexsmethylencadipinediamida 213172
Hew Jarsay Right To Know Componants

CAZ-MNo. Revision Date
Paly{h W -hexamethyleneadpinediamids 22131172

Californla Prop. 85 Componants
This prodisct does nol contain any chemicals known o State of Califormia o ceuse cancer, Binh defects, o any otiher
mearaductve hamm

1E. OTHER INFORMATION

HMIS Rating

Health hazad: 1]
Chronic: Health Hazarnd:
Flarimatbility! i
Physical Hazard u]
NFPA Rating

Health hazard; o
Fire Harard: u]
Reactivity Hazamd; 0

Further Information

':Dﬁfl'iﬂhl 2014 nga-.ﬂ.ldrim Co LLC. Licansa gl‘ﬂl'l'.\élﬂ 1 make unlimited paper copies Tor intemal use only.

The above nformation is balieved Lo be comact bul does nol purpon 1o b al nclusive and shall be used only as a
guide, The: mformation in this document is based an the present sate of our knowledge and & applizabls o te
product with ragard 1o appropiate safaty pracautions. & doss not represant any guarantes of the proparties of tha
product Sigma-Akinich Comparation and its AMlistes shal ot ba held labde Tor army damage resulling from handing
ar from contact with the abave produec. See wees sigma-akdnch, com andiar the reserse side of imesice o packing
slip for addricnal tams and condiions of sale.

Praparation information
Sigma-Aldrich Corparation
Produst Sataty — Amancas Region
1-800-521-8958

ersion: 4.2 Revigion Date: 08302014 Frind Date: 012302017

Abdrich - 4257 Pagu e of &
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Nitrogen

SAFETY DATA SHEET Airgas

N A L cermray

[itrogen
Section 1. Identification |
EHE product kdentifiar 2 hirogen
Chemical name : nitrogen
Othar means of * nitrogen {oof); ritrogen gas; Mirogen MF, Mirogen FG
Identimcation
Product use : Symihedeianalyiical ehemisiry.
* nitrogen {oof); ritrogen gas; Mirogen MF, Mirogen FG
WDs# - DO1040
Suppdiers detslle o Alngas USA, LLC and Hs amisses
253 North Radnar-Chesler Road
Sulte 100
Radnor, P& 19087-53533
1-610-657-5253
24-hiowr tedephons 1 1-BE5-T34-3438
Section 2. Hazards identification
DEHAMC S status : This material i consldered hazandious by the OEHA Hazerd Communication Standand
(23 CFR 1510.1200).
Classification of the 1 BASES UNDER PRESSURE - Compressed gas
subatance or mixture
GHE |abel slemants
Hazard piciograma : :
Signal word : Waming
Hazand statements 2 (ZoniEing §as under pressuns IHEEIE:I
h‘laruapianenxygmaruname
Precaufionary statements
Ganeral : Read and Toliow all Safely Data Sheets (SDE'S) before use. Read 3bel before usa.
muuuﬂeamnrmmen ¥ medical adtice ks needed, hmpﬂﬂ.ﬂn:l‘l‘lﬂnern’
atmand. Cose valve afer esch Use and When empry. USE EquIpMENt rated for
cviinger pressure. Do nok 00en yalve Unil connectsd 10 equipment praparsd for Lse.
mamwmmmem Use anly equipment of compatibis
Prevantion 2 Mot appilcable.
Rasponas : Mot appilcabis.
Horage : Proiect from sunlight 'when amiblent ternperature exceeds 52°CH25F. Stone In @ welk-
ventlated piace.
Diaposs] : Mot appicabie.

Hazards not othensiss
Clagsifed

: |nau-:ru:1mawumarnmmimam ior physical harands, this product may displace
Coeygen and cause rapid sUtocation

Owia off izsueTwle of revizion

B ool Dt of previoes xnee s BTG Varslon 0032 i

Figure A.9: Safety Data Sheet for Nitrogen [49]
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Section 3. Composition/information on ingredients

Substancaimixture o Zyketancs

Chamical name 2 nitragen

Oiher maana of 2 nitrogen {dof); nitrogen gaE; Mirogen NF, Mirogen FG

Identcation

CAZ numbsriother ksntifers

CAS numibsr I TTIT-ETA

Product code o DO1040

Ingradisnt nama % CAS numbar
Hiragen 100 Trav-ara

Ay conCEniration shown 38 & range ks 1o protect confidentlalty or ks dus to baizh vanaton

Thers ara no sdditional Ingradsnts prasent which, within the current knowledps of tha auppller and In the
nm“ El:gauna applicable, ara classified a8 hazardous to health or the ervironment and hence require reporting
In thie 0.

Occupationsl exposurs Imits, I avallabls, are llsted In Sactlon 3.
Section 4. First aid measures |

Eye comtact : Imrr.a:la‘.eﬁr flush eyes with planty of waler, occasionaly ITng Me UpDer and iowsr
ﬁelm Check far and remcve any conlact lenses. Condnue 1o rinse for 3t least 10
rines. et megical attenmon I iImiEion oeours.

Inhakation I Remowe wictim to fresh 3ir and keep 3t rest In 3 posiion comdortable for breathing. i1
niod bragthing, If breaining ks Imegular or T respirEhany amest ooourE, provide anclal
respiraticn or cxygen by ireined persannel. 1T may be dangercus to e person providing
aidl b0 ghee moudn-io-mouth resuschation. Gel medical atbemtion T adversa health efMects

Or are severe. 1T UNConsCious, piace In recovery poston and pet medical
afention Immedlately. Malrtzin an open almay. Locsen gl cotfing such &5 @ calar,
tiz, bl or walksioand. In case of Innalation of decomposiion producs In @ fire,
Evmpboms May be delayad. The exposed perscn may need 1o b kept under medical
suraaiiiance for 45 hours.

Ekin contact = Flush comtsminated skin with plenty of waler. Remove contaminated ciothing and
shoes. et medical sfention If symptame ocour. Wash cofning before reuse. Clean
Ehoes haroughly Defore revse.

Ingestion 2 A5 this product Is 3 gas, refer iz the Inhalstion section,

Eye conkact 2 (Coniact with rapidy expanding gas may cause bums or Trastoie.

Inhalation 2 Wao known signficant effects or criical hazards.

280N contact T COomEct Wi rapidly expanding 9as may caUse bums or frostone.

Frostilta Z Try i wam up e frazen tssuss and seek medical sfentian.

Ing=stion : Ac this product Is 3 gas, refer i the Inkalstion s2ction,
Cver-sxposurs slpnaisympioms

Eye confact 1 MO Specinc daia.

Inhelation Mo speciic data.

EkIn contact Mo speciic data.

Inpastion Mo specific data.

Maotzs to physician : Inmse-:lflnraaﬂmmuaxmpceru:n products In a‘rE SyMptams may be delayed
The exposad person may need 1o be kept under medcal surdelEncs Tor 45 hours.

Dwds of ‘esveTwls of revinizn = AOETOE Dafe of previoss (mnew : BTG S Varzlan D002 :i"‘l:ll

Figure A.9: Safety Data Sheet for Nitrogen [49]
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Section 4. First aid measures

Epacific treatments
Prodection of Mrst-aldars

Mo speciic reafiment.
Mo actian ehall be t3ien |I11'EI|'|1I15 any pareoral rsk or wilhout sullaiie WEining. tmay
resusciaion

be dangemus 1D e parson prondaing 310 % give mauln-1o-moumn

Sag foelcobogical Information | Section 11)
Section 5. Fire-fighting measures

Extinguishing meglis
Sultable extinguishing
maika

Unsultabia axfingulahing
madka

Speciic hazards arsing
from the chemical

Hazardows thermal
gacomposlion products

Spacial profeciive achione
Tor fire-fightars

aquipmant for fire-fighters

: Lize an extinguishing agznt suitabie for the surrounding firz,

I Mane knmowm.

> Conizlns gas under pressure. In a fire or M heated, a pressure Increasa will ocour and

thie comiainer may burst or explode.

© DR2compositon products may INcuds the Tlowing malznzls:

nitragen anes

: Prompty lsoizez the scena by removing all persans Tram the vicinity of the Incldent it

there Is & fire. o action shall be taiken |I'I'|'|:I|'|'|I'Ig EH}'FETE-ITI-N rsk ar whhout sullabie
training. Contact suppler Immedigiely for specialist aovice. Move containers from fire
area If this can e fone without rigk. Lise waber spray 1o keep fire-exposed conlzIners
cool.

: Fire-fighters should wear approprizie protective eguipment and seif-comained breathing

apparatus [SCEA) wih & full face-plece operated In posittvs pressure mods.

Section 6. Accidental release measures

Emironmental precautions

: N:I im:lﬂ Ehﬁl BEHIZEH |IT&'CI|'|1I1§ amy FE[EEI'EH"HUF'.’.M slitzbie Walning.

Evaruate sumounding ars3s. I‘:EEF unmeceszany and unprotected personnel Tram

emaring. Awald bresthing ventiatian. YWear a 1]
resg when '.'El'mau::r'?&hada:,uata on 3pprapriaie mmname
EquIpTmEnt.

: If epedialised ciathing I requined 1 deal wilh the splliage, ke note of any Informaton

In Zection S on sulable and unsuitsbie materials. S22 aiso the Information In “Far non-
EMmengency personnel”.

: Ensure emergency procedures io oeal wiih scoidental gas relesses are In place bo avold

contaminabion of the emdronment. Inform the rslevam autihanties IFthe product has
cawsed environmental pollution (sewers, waterasys, soll or alr).

Madhode and materats for containment and ciaaning up

small spill
Large spill

: Immedisily contact emergency personnel. Siop leak I wihout risk.
: Immedisisly contact emergency personnel. Siap lesk I withaut fisk. Mote see Sectian

1 for emergency contact Irfamnation and Section 13 for weste dispasal

Section 7. Handling and storage

Pracautions for safe handiing
Prodeciive measuras

: Putan a;prcpﬂatepemu‘.alpn:tem.reequlgm (s&= Section &), Contains gas under

pressurs. Avol contact win eyes, siin and ciothing. Awvold breathing gas

containers retain product resldue and can be hazsrdows. Do not punciune of Incinerate
container. JEEPIE;I‘F lpment rated ru'mlnda'lpms:ure Close vahve after each use and
whan empty eCt cyllngers Trom pyzlcal damage; do not drag, roll, shoe, or drop.
ke 3 sultable hand ruck for oylinder movement.

Dwile of msveTwde of rerizion
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Section 7. Handling and storage

Arivice on gansaral
occupationsl hyglens

Condifions for safa sforage,

- Esfirg dirking and smoking should be profibited I areas whene Bk matertl s

handied, slored and processed. WWomers Ehoulkd wash hands and Tace before eaing,
Erinkng and smoking. Femove comtamingted ciothing and protecive equipment before
EMISNNG a3lng areas. Sas alsd Secton & 1r adaibonal imonmaton an Ryglens
ma3sUnas.

: Store In accordance whn kocal regquiations. Slore In 3 segregalzd and approwed arsa,

Store away from drzct sunlight I 3 dry, cool and welbventiied area. 3wey from
Incompstibk: materals (see Section 10). Kieep contsiner ightly dosed and sesied unt]

Tor use. Cylinders should be siared upright, with vake ©3p In place,
and firmiy secursd to prevent Taling or being knocked aver. Cyinger tempersiures
Ehouid nat exceed 52 °C (125 °F).

Section 8. Exposure controls/personal protection

Conirod paramsters

Dccupationsl sxposurs limits

Iripresdlen nemes Exposurs lmits

hiragen Dxygen Depistion [Asphydant] '

Appropriate enginesring : zood genersl ventilation should be sufickent to coninol worker exposure 32 alrboms

conbroks contrninants.

Envirommental exposure : Emisshans from wenflation or work process equipment should be checked to ensune

confrols thesy comphy with the requirements of emdronmentzl protection leglstation. In some
caees, fume scrubbers, fifers or engineeing modfcations to he process equipment
will b2 necessary io reduce emisslons to acieptsbie levels.

Ingividual profection messues

Hyglens measUres : Wash hands, forearms gnd Tsce forough .a1'tE|'I1ar||:II|*%_“E mical pr-:du:ts betane

£3Tr, smoking and wElng the [Evaiors end at the end of

techniques should be used B remove potentially ncrmlna:a:l Zeming.
W\3sh contaminated cothing mmb:aﬁn Ensure that eyewssh sations and safety
Ehowers ane ciose i ihe winsEion

Eyaiface protection : Eafiety eyewsar complying wih an approved stamdard should be used when 3 risk
aseessment Indiczies this ks necessary 1o avold expasure o liquid splashes, mists,
E‘E 56 or dusts. T contact ks posslble, the Tollowing should be wom, uniess

3ssezsment Indicates 3 Nigher degree of pr n: saisty glasses wiih side-
shieds.

Ekin profaciion

Hand profection : ChemicaHesktant, Imperious gloves complying with an spproved standard showuld be
wam 3 all imes whan handing chemical products I 3 fsk assesement Indic3les this
ra:hassa'!. D:mlmng the paramelzrs specified oy M2 glove manufaciurer, check

L2 fhat the gloves are 51l retaining thelr projective properies. | should be
r thiat the e i bresicrough for 2y oiove materal may be dfarent for diferent
glove manufacturers. Inihe case of mixiures, conslsiing of several substances, the
protection Sme of the gloves tannot be accurately estimated.

Body prodeciion - Personal protective equipment far e body should be sedected based on the B3k being

&nd the: risks Invotved and should be approvad by a specialist bafors
handing this product.

Other skin profeciion : toateear and sy 2ddifonal skin protection messures should be selzcied

on the task belng pe and the rigks Inwoived and should be approved by @
Bpecialist bafore handing Mis product.

Reapiratory profacéion o Lke 3 property fitted, alr-puriying or air-fed respirator complying with an aponoved
slandard I 3 sk assessment Indicaies this k= necassany. rator selection must be
based on known or anficipated exposure levels, he hazards of the product and he safe
warking limits af the sslecied respirstar.

Dwim of lasvaTwle of revizion BE-trlor b DOafe of previoss (rnee s BTG Varsfon 002 430
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Section 9. Physical and chemical properties

Lppearance

Physical stats

Color
Modacular welght
Modecular formula
Bodlingicondensation polmt
Metiingifreezing point
Critical famperaturs
Odar
Odor threshold
pH
Flzsh point
Buming tims
Buming rate
Evaporation rate
Flammablilty [soiid, gaz)
Lower and uppar axploslve
{Mammaiti] imite
apaor prassure
\iapor dansity

Specinc Volume [T )

© 335 [COMprESEEn 035
: Coioriess.

: D502 gimake

o )

: -19E°C [-320.5°F)

D -210.04°C [-345°F)

: -146.85°C [-232.6°F)

T Ddoness.

: Mot avaliable.

I ot avaliable.

: [Product doas not sustsin combustion ]
: hot appileabie,

: ot appilcani,

: Mot avaliable.

* Mot avaliable.

: ot avaliable.

: ot avaliable.

I D0ET (Ar=1) Liguid Densihy@EP: 50.45 b3 (3083 kgyma)
: 13.3880

: 0072

: Mot appileabie,

: Not avaliable.

: Mot avaliable.

: DET

: Mot avaliable.
: Mot avaliable.
: hot avaliable.
: Mot appilcabie.

Section 10. Stability and reactivity

Reactity

Chamitcal stabllity

PosslbEity of Razardous
raactions

Conditlons to avald
Incompatinle materiats
Hazardous decompoziion
procucis

Hazardous polymarization

: Mo specific kest data related 1o reacthvity avaliable for this product or s Ingredients.
: The product ks stabie.

I Uingder norma condiions of 510rade and Uee, NAZanious reacions will not ooour.

: Mo Epeciic dats.
: Mo speciic data.

: Under nermal condiions of storage and use, hazanious decompesiion products shouid
not e procuced,

o Under normal condiiors of siorage and wse, hazandous pehymezation wil not ocour,

Dwde of ‘asuwTwe of revizion
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Section 10. Stability and reactivity
ImitstionCorrosion
Mot avaliaie.
Eanalflzation
Mot avaliaie.

Mutagenicity

ot avaliamie.

Carcinoganiciy

ot avaliaie.

Reproduciive toxiciiy

ot avaliaie.

Taratoganictty

Mot avaliable.

ZSpacific target organ foxicify (single exposurs]

Mot avaliable.

fo aura
Mol avalianie.

Asplration hazard
Mt avaliaile.

Information on the Bkely 1 Mot avalianke.
routes of sxposura

Eye comtact - Conizct with rapidy expanding gas may cause burms o frastbie.
Inhakstion > Mo known signiicant eMects or criical hazards.

Ekin contact - Conizct with rapidy expanding gas may cause burms o frastbie.
Ingestion : A5 this product 15 3 gas, refer 1 the Infalation S0,

Mot avalanie.
General : Mo known signiicant effects or critical hazards.
Ccarcinogenicity * Mo known signiicant effects or critical hazards.

Dwin of lmsveTwle of revizion Lo Onfe of previoss (Tnew - ek | Varslon 002 =30
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Section 11. Toxicological information

Muiagenicity - Mo known signficani effects or cilical nazands.
Teratogenicity - Mo known signiicant eMects or critical hazards.
Developmantal sffects - Mo known signiicant efMects or criical hazands.
Farfility affacts: 2 Mo known Signiicant eMects or cilcal hazards.
Humerical messures of toudcity
Acute toxicity eshimates
Mot avaliabie.

Section 12. Ecological information

Toxlcity
Mot avalabie

Paralstance and degradability

Mot avalabie

Bloaccumuistive podentisl

Productingredient name

Logh.. BCF

Hitnzgen

oay - L]

Bobisty in soll

Sollweatar partition

eoamcient (K]

Othar adverss effacts
Section 13. Disposal considerations

I Mot avaliame.

* Mo known signBicant eMects or citial hazands.

Dizpoeal methods

< The penerslion of waste should be Zvoided or minimized wheneves possible. Disposal
of this product, sakians and any Ehouid a3t all tmes comply with The
requirements of ervironmental prolection snd weste disposal [egisiation and any
fanal local 3 FEQUIEMENIE. af EUNpiuS and nan-recyciatie products
Ealﬁﬁu%lmm. ﬂmmn:lneuapusmm [
e sewer unless Tully with S requirements of all authortiies win jurisdicion.
a5-amed veszels should be refumed to . NaEE
SIP) N e 8 S i M, LS pny
not fesglble. This matenal and s container must be disposed of In 3 s3f2 way, Empty
mwmmmmmm mmmreurmmte

Section 14. Transport information

DOT TOG Maxico IMDG LATA
UM numbsr UN108E UMN1DEE UIN10GE UN10GE L1085
UM propar HITAGEEN, MITROGEH, FITADGEN, HITADGEN, HITROSER,
ahipging name COMERESEET COMARIESSED CONFRESSSD COMFRESSED COMPAESSED
Transport 22 22 22 22 22
harard ciass{es)

o @ @ @

Dwia of myuawTede of evizion
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Section 14. Transport information

Packing group |- - - - -
Environmanit MO, Mo MO M. 0.
Anditional kimiied Guarhiy Produsi cmmfedan |- - [ —— T
by -1 par T feloming T —
Informticn maciz o . wmitetion: T8 kg
Uwckaging waiuchon | Trenapa-wscn of Lerne Arrratt Doty
! o Sm=sn e p——
Cumnity imitetio=: T2 | Psguisson 313297 .
L (e 2]
Cango wrcratt EEpigwie Lans eng
Cumnity kitnto=: 150 | nried Susnisy nges
-] R
Canmsnamr Sacrang,
BRI AP ETHY
T

=Rafar to CFFA 43 (or authority having Juriediction] fo detsrmine the Information requirsd for shipmeant of the

Epeclal pracautions for uger - Transport within weer's premises: siways transport In clesed containers that ans
upright and secure. Ensure that persans fransperting the product Know what o da In the
Ve of 30 3ccioent or sollage.

Tranaport In bullk according - Mot avaliabie.
to Amnex Il of MARPOL
T3TE and thie IBC Coda

Section 15. Regulatory information

1. 5. Faderal regulafions 1 T5CA 8a) COR ExsmptPartial sxemption: This materal 5 ksted ar exempied.
Unifad States Inventory [T2CA 3b): Trhis matertal Is Psted or exempisd.

Clzan Alr Act Section 112 - Mot lsted
{bj Hazardous &r
P'I:Il.lﬂ.lTh‘I'lﬂ.F"B]
Claan &lr Azt Sectlon $02 - Mot lsted
Class | 3ubstancas

Chaan Alr Act Sections02 - not lsted
Class Il 3ubstancas

DEA List | Chemicals T Mot listed
[Precursor Chemicals)
DEA List Il Chamicals T Mot lsted
(Ezsantizl Chamicals]

Dwia of spaTwls of revizion = AZEGNE Oafe of zravioss (Toee : BTG
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Section 15. Regulatory information

Sade reguiations

Massachupafts 2 This maheral ks listed.

My ¥'ork o Thizs material k= not Bsted.

My Jaraey o This mabzral k= listad.
Pennsylvanla - This materal k= listad.
Indemational reguiations

Intemational Nets

Hational Invemtory

Auatralla 2 This materal ks listed or exempled
Canada : This material k listed or exempied
China : This materal i listad or exempied
Ewrops : This materlal ks lsfed o exempied
Japan - Mt detemined.

Malayala o Mot detemingd.

Nerwy Zealand I This maberial k= lis%ed or exempied
Philllpgings : This material ks listed or exempied
Repubdic of Korea : This material k listed or exempied
Talvwan : This material k listed or exempied
Canada

WHMIS {Camads) -Class A° Compreseed g3s.

CEPA Toxl: subatances: This matensl Is nok llsied.
Canadian ARET: This material [s not lstedl

Canadian MPRI This matenal Is not lEed.

Albarta Deslgnated Subsiances: THs maiena ls not lisled.
Oniaro Deslgnated Subsiances: This material 15 not lsizd
Gusbe: Designated Substances: This maizna ls not lisied.

'Sec:tic-n 16. Other information

Canada Label requiramants - Class & Compressed gas.

Hazardous Matarial information System (U234}
Haalth o
Flammalbility o
Phyyaical hazarde 3|

Caution: HMI 2= ratings are bassd on 8 0-4 raiing scals, with 0 represanting minimal nazame or rigks, and 4
repressnting slgnificant hazarde or rieks Although HMI5E ratings are not required on S0%s undar 23 CFR 1310.
1200, the preparer may chooee fo provids them, HMESE ratings ars t0 De wesd with & Tully Implementsd HME 52
pragram. HMI 2 12 3 regletered mark of the Matlonal Paint & Coatinge Azsociation [MPCA). HMISE matarials
may be purchased exciuslvely from .J. J. Keller [500) 327-535E.

Raprintad with parmisslon from NFPA T04-2001, idemtification of the Hazarde of Matarialz for Ems

Repponge Copyright @1357, Hatlonal Fire Protection aesoclation, Guincy, Ma 02283, Thie reprinted matarial ks
niod the compilata and officlal posttion of the Nafional Fire Prodection Assoclation, onthe refarenced subjact
whilch Is repregented only by the standard In iz antirefy.

Dwis off zsua-Twls of revinion s ATETOE Oafe of prarfous Txos : B0 4E Varslen D02 :.I""I:ll
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'Se{:tion 16. Other information

" Copyright 2001, Nafional Fire Profection Asecclation, Quincy, MA 02253, This waming system k= Infenced fo
ba Interpreded and applled only by property trained Individusis to identify fire, health and reactivity hazards of
chemicale. The ussr |s refarred to certsin limited numiber of chemicals with recommended clzesalfications in
MFP4 43 and NFPA 325, which would be uead a8 8 guideling only_ Whether the chamicals are classilad by NFPA

or not, anyone using the 704 aystema fo clas=iy chemicals does so at thelr own rak.

Procedurs ues 0D g g 16 ciaaaification

Clazaification Juptiication
| Prese. Gas Comp. Gas, H280 | Expent udgment
History
Dets of printing =t
Dete of lasuaats of @ S2AEME
revizion
Dete of previous lsaus T BTRMS
“eralon Do
Key to abbreviations : ATE = Acuie Todchty Esimate
BICF = Blaconceniration Factor
3HS = Globally Hamnonlzed System of ClassMcation and Labeling of Chemicals
|ATA = Iimermnational Alr Transport Associatian
|EC = Imemmeaiate Sulk Container
IMDG = imemational KMarttime Dangarols S0ods
LiogPow = kagariinm of the octanolater partition coefmdent
MERPOL 7378 = Infernational Canvention for the Pravention of Poliution From Ships,
1873 a8 modied by the Probocol of 1573, [ = marine poiiution)
LM = United \lanut% e Fel
Refarances : Mot avalisne.
F Indicates Information that hae changed from previcusly lasued version.
Hotics o reader

To fhe bast of our knowledge, the information contzined harein 12 accurate. Howewer, nalther the above-namad
auppller, nor an{nm = subsidiaries, assumas any Rabliity whateoever for the accuracy or completanaes of the
Informtion contalned haraln.

Final determination of sultablitty of any matarial ks the e0le responalbliity of the ussr. All materials may present
mknowm hazards snd should be wead with caution. Although certsln hazards are describad hersin, we cannof
puarantes that these are the only hazards that axist.

Owts of imxuveDwe of revizion T EAET0E Dfe of previows (axee 1BTA043 Varsion 003 a0
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Phenolic Resin SDS

MOMENTIVE
Material Safety Data Sheet

FOR INDUSTRIAL USE OMLY
Cascophen RBS2MS =S

1. Product and company identification ) ]
Product nams Cancophen RBS24S
MSDS Number £O000CO0AA1 3
Product Type Phenol £ ormaidenyce Reun
Product use Wood AdPesives. Cor | o R Boars Py
Manufacturer, imp Mo Speciatty Cremcals Inc
Supplier 180 Eas! Broad Sywet

Colmbus Os 43215

dinformaten@ momentve com
Print date 03-JAN-2011
Telephone Fot B Modsc sl

Call Health & Safety information Services, 1-398-303-8545
For Emergency Transportation Information
CHEMTREC US Domessc (800) 4249500

CHEMTREC internstions! (703) 527-3887
CANUTEC CA Domestic (613) 556.6658

For additional health and safety or meguiatory information. call 1 888

4435488
Part of the CASCO™ Brand of Adhesives and Resins fom Mor = y Ci
2. Hazards identification
Form Laqud
Odor Sight romatc
OSHAHCS status The Dy the OSHA Hazaed

-
Commurication Standard (28 CFR 1510 1200)

Emergency overview WARNING
CAUSES EYE IRRITATION. MAY CAUSE RESPRATORY TRACT
AND SKIN RRITATION
Potential acute health effects
Inhaiation Shghtty "g '0 the respiratory systeen. £ ® o
DrOOUCES Mdy CVSe @ Meath Pazard Sences eflects may be Selayed
followsng exposura
Ingestion Nt expected 10 26 harmbd under normal conchiors of e
Skin Saghtly smtatng 10 [P sdn
Eyes Sevaray miatrg 10 eyes Risk of Sanicus Samage 10 #yes
132011 1)

Figure A.10: Safety Data Sheet for Phenolic Resin SDS [13]
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Gl sectsRMELIINCEY own sgncan emecs o rtcas e

Carcinogenicity NO Wnown SigRicant effects of CAical Nazands

Mutagenicity NO MnOwr SIgHBCant effects of CACH NaZaros.

Tetatogenicity No xrown sgficant effects o Criics MaZerds

Developmental effects N mown ugrificant effecs o Citcal hazaros

Fertility effects NO nown signiicant effects o crlical hazaras.

Target organs Review Section 7 and 11 for any 30IMOnS Ensesy™enty

Note  Residus Qa5 may be r o s Yoot Sutng rcessng  The amount

ard level wil depend on local conditons of use yie O8s & 'g 10 e eyes and wpper
resperalory ract and may agQravate 9 ¥ o Sergen. OSHA has isled
formakiahyde as & human gen  See the OSHA formaidet yde stanoerd 25 CFR
1910 1048 for further detass.  The Inlernabonal Agency %y Research on Cancer (IARC) has classfiec

yde 83 cacmogenc to

m Adverse symploms may nciude e folowng resoratory ¥ad Fiation
coughng,

Ingestion No specfc cate

Skin Adverse symiptor=s may ~ciude Pe 'olowng Mianon redness

Eyws Adverse symptaoms may inciude Be %3 paenor 9
redness,

Medical conditeers spgavaied  Nong wrown

by et expesue

See section 11 for more detailed information on health effects and symptoms.

“3. Composition/information on ingredients
B iy Poymer Sodum Salt I P
“* Aoy apoicadile Conadian racle secret sumiers wil be Asled » Secton 15

4, First aid measures |
Eye contact mmacately fush eyes with plerty of water 10 &f leesl 15 mnutes.

Skin conmtact Flush contaminated sion win plerty of water R emove contammnated
g and shoes. T 0 fese for & eest 10 minenes Get
-t on if sy cccur. Wash ciothing before rewse. Clean
SN0es tharoughly before reuse
Imhalation Move exposed Darsen 1o fresh 35 Koep Dersan warm and 2 rest ¥ nxt

breathing f Dreathing = rrogular Or @ resgatory arest OTurs PrOVde

14372011 1

Figure A.10: Safety Data Sheet for Phenolic Resin SDS [13]
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Large spin Siop lean 1 wEnout risk. Mowe COrtaners Tom soll area AZOroach
release from wpwind Provent entry @20 Sewers, wiler COURes,
Disements of CONMINED areds Wash soAIages (10 a0 efMuent Yeatment
plant or proceed as folows Cortan and colect SO age with
FON COMDUAILIE. StACrDet Mty & § %0 GaTh vermicuste o
Ao acecus earth and place N COINe ' SOOLE JCaEng 10
lccal reguiasons (see secson 13) Dugose of via @ ICe7%eC waste
dageasl contractor Contarmirated steotent materal may pote the
sama hazard as the sgilled product Note see section | for emergency
contact information and secton 13 for wakte Seposa

Small spin S0 loak § without risk. Move contaners Yo spll s Divte wan
WRler 3n0 MOP WO T wRter-S0luDia or JLEOD Wit a0 iner] Ofy Maier e
and place In an appropnate waste dupoes contenw Daposs of va 2

Mcesed wasle FO08al COnactor
7. Handling and storage ]
Handling Pt on Sporoonate DErsonal Crotectve agusrent (wee secton )

EMeg drowing anc smokng SACUAD De DroNDSed i St where the
materal s handied sDred and processed Workers should wash hands
and face before eaing ANANng and smoNng Do not Dreaihe vapor of
mist Do mot ingest Avold contact with eyes, som and clothng Use only
wiih acequate ventiaton Wesr 200700 e eSO I when ventiaton
= inscequate Keep in the orgnel contaner o @0 apEroved aternatve
mace YoM 3 COMpItte Matendl kest BOMEy oned when N0t N Use
Keep away rom sods Empty contienens elan product resdue and can
be hazardous Do n0t reuse CoMtaner

Storage Store in accordance with locH reguiaions. Sire m ONgnal Contaner
proteciad from drect surhght i a dry codl and wed-vetisted ares,
49y from ircompatible materals (see sectior ¥0) and food and Ok
Segerate om acds Keep cOtaner IghTy Ciosed and sealed il
ready for use Conftainers that have been coered must be careluly
resealed and wegt uprght 10 prevent inshage Do not siore = unlabeled
containers Use Jporopnate contanment 1o avoxd enwwonmental
cantamnaton

8. Exposure controls/personal protection |
e —— O — —

If B8 product contans Mgradants with exposers ks personal

wqmﬁm workplace atmasphere or Dolopcsl mondonrg msy be regared 1
Catermime the efectveness of M8 ventiaton o ofhes COMIT MBISUET
ancior e recessly 10 LI MESDIaory Drotecive egupment

Engineering measures Use anly with scequate weeiiiation I user Coeations genaraie dust,
furmes, gas, vapor or mist use process enciosures, ool enhaes!
venbiation or other engneening Corols 10 kiwp worker exposure 10
ardorne contarmrants SElow any rRCoMMencad o statutory lmes

Hygeene measures Wash nancs foresrms and face Moroughly ater haading chamcal
products, before sating. smoking and using Be avatory and af the end
of e worieng penoc  AQproprate lecAngues should be used 10 femove
potentially contaminated SOINAG Wash Contaminated Ciothing Defore

reusing. Ersure N syewash stators and safety showers are oiose 1o

1372011 a3

Figure A.10: Safety Data Sheet for Phenolic Resin SDS [13]
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e WOr Ianon locabon

Resplratory Use 8 propenty fited. ar-punfying Of e-1ed resorattr COmEiing with an
A0 Oved S1andard f 3 ik SAAMAATMENt NI TN B AeCeERaTY
Henprator selection must De DIted O KAOWN Of AMBODINES DM ¢
levels, the hazards of he product and he safe woreng i of the
selocted resgr alor

Mandse Chomical resstant Mperiout Goven comphng Wit 35 300roved
SIANGHT SPOUC De worh 8 81 IMes when Rardhng Chemicd products ¢
a ntk atseesmant AACANG ING 15 PECOTANY

Hyes mmmmmmwmum
Whe @ rEk SSSAtEMent INGCates ThE & NeCestay 10 #voed GDOtUe 1
fquid splashes Msis or dusts

Skin Parsoral protective equipment for the bady should be salacted Dased on
e 1ask Deing performed 20 he FRIG PVOVES 353 ST D aporoved
by @ speciaist before headling the product

Environmental exposure Emssors $om wamiaion or work Droceds g 0mest Should be

controls cheched 10 arsure Ihey comply wilth he reguraments of emwonmentsl
DIUtRCHON IOGISIEton (M Some Cases. fume sorutters Tiers or
enginceriag Modilicatons 10 Ihe process aguement will be neaessary 10

reduce GMSSIONs 10 CCeolatie evers

9. Physical and chemical properties
Form Ugud

Auto-ignition temperature
Flammable lim#s
Lower:
Upper
Color
Odor
nl.dd Approx. 102 C(216 F)
Freezing Point Less than § °C32 F)
Relative density Approx. 1.1750- 1.1950
Vapor pressure Approx. 22 mm Hg @ 25 °C(7T7 F)
Odor threshold Not gvaiatie
Viscosity Oynamic- 1.200 - 1 800 c®s Brooxfeld
Solubility rinte
Partition coeficient: Net avalable
noctamolbwater
Evaporation rate
Vapor density
Typical % solids

Approx 04 (n-Saty! scetates1)
Not avalatie
£4100% (m)

10. Stability and reactivity |
Stabikity Harardeus poymeraation may OCCW N0 Cenan condtions of
shorage of use

Cenditions to avosd Strong cxxbe
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Figure A.10: Safety Data Sheet for Phenolic Resin SDS [13]

134



AMACS resOTINOR O Cxyen Dy Yaned Dartonne Il iy De GANperOus
10 M0 Perion provedag #d 10 Gve MOWS 15 mouth letutcaaton If
UACENSCIOUS, PIACE IN 1ECOVEry DONIOS #n) Ot MadCal aSenlon
Immadiatoly Mantan 81 0pen arady Loocen WGM Clothag Luch as 2
colar, e, DOl Of waisDand Get medc $lenson  aoverse feeth
oftects POMSIS! Of 3r0 tovere '~ Cane of ANASNOr Of SeCaTMPORLOn
procucts in & fire, symptoms may be detayed The SXDOSed DErson may
meed 1o be kapt under mescal survedlance for &8 hours

Ingestion Wash out mout® witn water 00 rot mduce vomiing uiess drecind 1o 30
£0 Dy madical personnel Never give anything Sy Mmouth 10 an
uncanscous pemon Get medcal aterton ermedately

Protection of first aid NO action shal be her AVOhng 30y DOISrd ik Or wihout Lutatie

personnel raining. It may be dangerous 10 INe DEMON proviang i 10 Qve
MO 8O- MOR rasuscitaton

Notes to physician In cone of mhaiabon of decomEouien procucts » 3 fre symploms may
be delayed The exp0Sed DErson may Meed 10 De kot vroer medcal
survellance for 48 hours.

See saction 11 for mare detaded rormaton on heslth #feck and symgtoms

5. Fire-fighting measures =

Flammability of the In @ firg o f heated 3 prassure rcrease wil SO NG e Comtamer
product may buret
Extinguizhing media

Suitable Use & sxinguishing agent sulatie for he sumoundng fre.

Not suitable None known

Special exposure hazards Promptly moiate (he scene Dy remowing af Dersons Fom the viorety of
the rcident 1 there 5 a fire No scion shall e talan mvoheng any
parsonal rek or without Sullatie ranng

Hazardous combuston Decomposition roducts My Mchoe the ofowng matenals carbon

products owdes, ntrogen oxides,

Special protective Fite-highters shouks weer Spprocrate crotectve eQuprment and

equipment for fre-fighters seif contained breathing apcaratus (SCBA) win 3 & face pece
opergied o\ DCSAVE DressLre MO

6. Accidental release measures |

Personal precautions No scticn shall be taken mvoiving any persoral rsk of withou! sullabie
ranng Evacusie surtundng areas Keep umnecassary and
unpratected parsonnel from erterng Do not Duch or walk Brough
spilieg matenal Avexd breathung vapor or Mt Prowide adequate
vensiabor Wedr apOropnate respraior whee vestighon 1§ nadecue
Put on appropnate personal SROIECTVE SQUDMent (toe secton §)

Envwonmental Avoid dapersal of spilied maters! 8nd renc 3ad contact with sof

precaubons waterways drans snd sewsrs Inform e relsvant authorties & the
product has caused smanonmaental DOlUSON [Sewers, wileraays sl of
ar)
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Materials to avesd Reacive of Incompatine with the DECWNY NS CUArNg
matenals acds

Hazardoue decomposition Decomposbon products may inchude 1he 'downrg Mmatera’s. carbon
products monauoe Carton Goxde atefyoes (ACiusng rmatetyds)
cxrdes of MIrOgen DArCuale Mt O I QSN COMPOUTS

11. Toxicological information 7 J

e

LCSO Inkalaton e » 2501 pprw! WE mated
16CFR Part 150047  Ruette Sight Sun mtant
16CFR Part 1500 42  Ratte Severe Epe e

Not class fec
WwaC Not clansfed
NTP Not isisad
OSHA  Not regulates
EU Nt class e
12. Ecological information ) , |

Envwronmental effects
No known sgnficant effects o criical hazarss.

Condusion/Summary Pherci-formaideh yde polymers Aave 2 very ow 3% of bodeg adaton

Cther advarse affects
Bioaccumuaton is expected 12 De minima  Product s Intaily 3 motile Igad which will solafy on
aging Unreacted monomar may be lsached into ground wiler sves 3far soemyl curing has

occcurred.
13. Disposal considerations N \
Waste desposal The genarsion of wasie ShoUS be avoded o mmed wherever

possbie Dispese of surpius 200 ROM-fecycisie DroduCts v 8 joensed
waste daposal contractor Duposel of s prodect solulons and eny
Ly-£rooucts shoud 3t 3l mes comply with IPe reQurements of
anvrormenrtal Drotecton and wase SO Boalon and 8y regonel
local SUNONlY TeQUr eMents. Avod ASDEMES O SONEC Matenal ang runoft
and contact with sal waterezys rans 3°d waers

14. Transport information i

The data provicad (n this section is for information 0nly and Mmay "ot D SPECTC 10 your package si2e o
meode of transport. You will need 1o apply Ihe SEroprate mguiatons o propecy ciasslly your shomant
for wanspornation.
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m UNMNA  Proper shipping name Classan/"P0 Reportable

Inform ation mumber Quantity (RQ)
CFR Nen-reguated
YOO Nenseguated
INOMMDG Nen - reguated
IATA (Carge) Non-reguiated
*PG - Pacleng growp
‘15, Regulatory informaton |
- 1 — O
U S Federal SARA 3111312 Clasaficaton myvadate G0Ue] Meot® hazand reacive
regulations
SARA 21) . Suppher Netrhcason
This proguct contans T olowing foaic chemcals) sutp? 1© e mponing
requirements of Section 313 of Tie M of he Suporiund Amerderts and
Reauthonzaton Act of 19668 and Sutpar C Suppter Nanfcaton Regurement of &0 CFR
Par 372
Nors reauied
SARA Y12 Extremaety Hazardous SUDRIACES NOTW eOured
State regulations Massachusetts RTK Substances Noswe regured

WM

Camacean lists

New Jersey RTK Mazardous Substances More regures
Pennsytvania RTK HaZX00us SUOSTINCES e U

Calffiornia Prop. 88 WARNING This procuc! COrtars 4 Charmcll Wn0wn 10 e Staee of
CaMormia 10 cause cance: Formaldanyse - 50.00.0

Class D24 Muterasi causing ofher towe eflecs (Very Soncs

Caradan NPRE Norw regured

mnm Eurcpe rrtory All COMDONETtS are mted O Eadrr gt

Austrats mvertary (AICS) Not getermmed

China rwventory (ECSC) Not cmsermined

Jagan invertory (ENCS] Not detenmmed

Japar nvertory (ISHL) Nox setermned

Korms imsantony (KECH Not deterced

New Zeaiand INZWC) Not cetermrec
thw% Not detmrymed

Uniled States imerdory (TSCA S8) AR COmponenTs are v390C o esermgtod
Caraga inventory Al COMPCnents e e O enermpted

16. Other information

Hazardous Material

L2011

Heamh | 2

m
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Information System 0l Fammataty 0
(USA) Physcal haswes 0
Chronie

mlfr. L 4 MOON“M,IDOM“-'OG““I
zﬂmum:&u.mwwwnuwnm-uam
1910.1200, the preparer may choose 1 Drovide tham. HMIS® ralegs are 10 be used with & fully Impemented
HMIS® program. mn‘.uw-nnduummammmw

= utle thae PPE code for Iha matena
Propared by Product Safety & Reguatory Complerce Groun (8142254778
Date of issue 20-NOV-2010
Date of printing OO JAN- 2011
Version i
Notice to reader

heren constitutes an offer for the sale of any product
Tara " = of Momertrew Scesaty O e
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