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1.0 INTRODUCTION 

The clarifier at the former Rhodia phosphorus manufacturing facility in Silver Bow, Montana contains 

approximately 500,000 gallons of solidified phosphorus-rich material. It contains 8 to 9 feet of phosphorus-rich 

material covered by more than 2 feet of water (the water cap). This material consists of elemental phosphorus 

(about 20% [v/v]), water and solids including phosphate dust, coke dust, and silica dust.   

 

In 2007, Rhodia retained Franklin Engineering Group (FEG) to perform Phase 1 of a Treatability Study for this 

material.  Phase 1 involved the compilation of process information for several candidate processes for treatment  

of the phosphorus-rich solids in the clarifier.  A report summarizing the findings from the Phase 1 research was 

submitted in October 2007.  The Phase 1 report was approved by the US Environmental Protection Agency (EPA) 

in February 2009.  A joint decision was made between Rhodia, the Montana State Department of Environmental 

Quality (MDEQ), and the EPA to further evaluate batch still technology similar to that developed by Albright and 

Wilson (A&W) for evaporation and subsequent recovery of the phosphorus.  This technology was chosen because 

it: 

 

 Has proven to be effective in processing similar materials  

 Allows Rhodia to recover the phosphorus contained in the clarifier  

 Could be evaluated with pilot-scale equipment 

 Reduces total volume of waste 

 

In April 2009, Rhodia retained FEG to perform Phase 2 of the treatability study: a more thorough evaluation of the 

still-based phosphorus recovery process.  This evaluation included reviewing available processing systems, 

selecting the most appropriate system for testing, system design and operation.  This report describes the various 

options reviewed for the type of vessel (still) available to vaporize the phosphorus, describes the actual pilot plant 

design, and presents test results and data from the 2010 operation of the pilot plant. 

 

2.0  PROCESS DESIGN 

The evaluation began with a literature search to establish the required vaporizer (still) operating temperature.  

Butte, MT is at an elevation of 5,545 ft above sea level so the vaporization temperatures were adjusted from 14.7 

psia to 11.95 psia using vapor pressure equations.  At this pressure, phosphorus vaporizes at approximately 503 ºF.  

At this temperature, a portion of the white phosphorus is expected to polymerize to the more stable amorphous red 

phosphorus.  Red phosphorus must be heated to approximately 731°F at 11.95 psia before it will sublime to form 

phosphorus vapor.  The 1975 A&W mud still patent and historical operating data indicate that the solids 

temperature may need to be as high as 1,110 °F before all the phosphorus is vaporized.  This discrepancy may be 

related to heat transfer through the static bed of the A & W mud still and it will be resolved during testing.       

 

The original A&W mud still system utilized electric heating elements to melt a lead bath.  Molten lead was used 

as both the heat transfer medium, and as a liquid seal to prevent the phosphorus vapor from escaping from the 

joint between the still lid and still vessel. 
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FEG and Rhodia personnel identified 3 different still designs as candidates for testing with the intent of selecting 

one technology for testing an evaluation.  Each uses a different heating system.  The heating systems include 

direct-contact electrical tracing, electric heat with molten salt as a heat transfer medium, and convection heating 

using combustion exhaust gas.  (Conventional organic heat transfer fluids were excluded from the evaluation 

since they are only recommended for temperatures below approximately 750 ºF.)   A description of each still 

design is presented below in Section 3.0.  

   

The system includes, besides the phosphorus vaporization still, additional components for recovery of the 

phosphorus.  The entire system is shown in the Process Flow Diagram and Heat and Material Balance Drawing 

#721-101.  A direct-contact water spray condenser will be utilized to condense the water and phosphorus vapor 

from the still.  The condenser is based on the Rhodia design used for the original A&W mud still system.  The vent 

gas from the still will flow upward through the condenser, counter-current to the downward water spray.  Multiple 

spray nozzles  are used to optimize condenser performance.  The condensed phosphorus accumulates in the 

bottom of the condenser where it is periodically drained into a collection container in a water-filled drum.  Each 

run should recover approximately 5.5 gallons of phosphorus. The condenser cone is maintained above the 

freezing point of phosphorus using steam or electric heat tracing.  An eductor is fitted to the condenser vent to 

regulate system pressure and maintain a draft through the condenser.   

 

Condenser spray water is recirculated, with makeup water added as needed to control system temperature.  

Makeup water can either be potable water, or it can come from the clarifier. A makeup water rate of about 2 gpm 

is anticipated, with a similar blowdown flowrate circulated back to the clarifier. 

 

Condenser circulation, makeup water, and blowdown flowrates are designed for a maximum condenser effluent 

temperature of 140 ºF.  The vapor pressure of phosphorus is 0.009 psia at 140 ºF.  The mass balance indicates that 

approximately 0.09 lb/batch of phosphorus vapor will be vented from the condenser vent to the atmosphere 

during the pilot test; however, this does not account for any phosphorus entrainment that may be encountered due 

to condenser inefficiency. 

 

3.0  STILL TECHNOLOGY ALTERNATIVES AND ANCILLARY REQUIREMENTS 

The purpose of a pilot test study is to evaluate and select the best still technology for this application, and confirm 

the design basis for the condenser.  Initial criteria to be evaluated include: energy usage, removal efficiency, cycle 

time, practically of operation, quality of product recovered, and safety.  The proven A&W mud still is considered 

a good system to use as an initial basis for design. 

 

3.1  System Descriptions 

The 3 candidate batch still processing systems are depicted in Figures 1-3. The testing was anticipated to occur on 

the existing concrete pad near the clarifier.  The same condenser and supporting ancillary equipment can be used 

with all the stills.  The stills have similar material capacity, approximately 3 cubic feet. All systems include a 

nitrogen sweep gas rate of 2 standard cubic feet per minute.    
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3.1.1  American Process Systems (APS) Plow Blender 

Figure 1 depicts a system using an American Process Systems Plow Blender as a still.  The device consists of a 

horizontal cylindrical vessel with a rotating plow to mix the solids and improve heat transfer.  The plow is also 

used to direct solids to a discharge port after the batch is complete.  The drum is directly heated using 

HTS/Amptek Duo-Tape® heating elements.  

 

3.1.2 Advanced Thermal Solutions (ATS) Pan Processor 

A full-sized A&W mud still was located in a warehouse in Columbia, TN.  This unit would not be practical for 

testing purposes due to its large size.  Advanced Thermal Solutions builds pan processors that are similar to the 

original A&W mud still.  A demonstration system using the ATS Pan Processor is depicted by Figure 2.  Their 

still is a vertical double-walled vessel with an internal mixing paddle.  It is electrically heated and uses NaNO2 salt 

as the heat transfer fluid. When approached about the Rhodia project, ATS reported they were currently 

resource-limited and could not actively participate in the testing program at the time.  They do have a small test 

unit that can be purchased for the pilot tests.  The unit would need some modifications for this application and 

reconditioning to make it operable.   

 

3.1.3  FEG-Designed Rotating Vessel Still 

Figure 3 shows a third type of still.  This purpose-built device uses combustion gases to convectively heat a 

rotating drum that contains the clarifier sludge.  The drum is supported by a tube that is used to carry inert gas 

(nitrogen) into the still, and convey nitrogen, water and phosphorus vapors out of the still.  The drum is heated 

inside an insulated fire box fitted with a propane burner.  An external electric motor rotates the drum to enhance 

mixing and improve heat transfer.  Once vaporization is complete, the drum is removed from the fire box and 

placed on stands for cooling.  The vessel hatch is be opened after it reaches an acceptable temperature and the 

contents discharged onto the ground.  Additional drums would be used to increase throughput and shorten cycle 

time. 
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Figure 1 APS Plow Blender Still demonstration System 
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Figure 2 Advanced Thermal Systems Pan Processor Still Demonstration System 
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Figure 3 FEG rotating Vessel Still Demonstration System 
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3.2 Condenser and Ancillary Equipment 

In addition to the vaporization still, the major ancillary components required for the pilot plant include: 

 Direct-contact water spray condenser modeled after the Rhodia design 

 Platform to support condenser  

 Ducting for the vent gas and condenser overflow system 

 Recirculation tank, pump, and piping for the condenser spray system 

 N2 cylinders for sweep gas 

 Electricity supply for heating and equipment 

 Condenser scrubber/eductor system 

 Rental equipment 

 Controls 

 Data logger 

. 

 

4.0  PILOT PLANT DESCRIPTION 

4.1 Overview 
The still system that was chosen for the pilot plant was the Advanced Thermal Systems (ATS) Pan Processor. The 

ATS  still design was thought to most closely resemble the proven A&W mud still technology.  However, this unit 

was subsequently found to be unavailable.  It was then decided to design and build a pan still similar to the ATS 

system.   

 

The system consists of three functional sections: a stainless steel pan still with a separate 45 kW electric furnace to 

heat the sludge and vaporize the phosphorus, a stainless steel condenser to condense and recover phosphorus, and 

a stainless steel recirculation tank and pump to capture the overflow water from the condenser and recirculate 

back to the condenser.  The overall process is shown on the attached Process Flow Diagram/Heat and Material 

Balance (Drawing # 721-101). A more detailed depiction of the process, with controls and instrumentation shown, 

is provided by the attached Piping & Instrumentation Diagram’s (Drawing # 721-111 and 721-114). 

 

4.2 Major System Components 

4.2.1 Pan Still 

The pan still design uses a section of 24” schedule 40, stainless steel pipe with a flat plate for a bottom and a 

stainless steel flange at the top for attaching a lid, shown in Drawing # 721-420.  The design capacity for the still 

is 3 cubic feet of clarifier material per batch.  The lid had a matching flange to mate up to the bottom section and 

seal the still during operation.  The lid also was equipped with an agitator to enhance the heat and mass transfer 

efficiency of the still, shown in Drawing #721-421. The still assembly is placed  within the electric furnace during 

operation. 
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 4.2.2 Condenser 

The condenser is a counter current flow, direct contact stainless steel vessel with three water nozzles that spray 

downward inside the condenser.  The hot gases from the still enter through a side inlet near the bottom of the 

condenser, rise through the falling water spray, and exit through the vent at the top of the condenser.  This gas 

flow is enhanced by a scrubber/eductor on the scrubber vent.  The condensed phosphorus is recovered at the end 

of each batch from the bottom of the condenser and collected in a water filled drum.  The condenser design is 

shown in Drawing # 721-401. 

4.2.3 Recirculation system 

The recirculation system consists of a stainless steel recirculation tank and pump to circulate heated process water 

through the system.    The water overflow from the condenser is collected in the tank and recirculated back into the 

condensing system. Any phosphorus carryover from the condenser is collected in the bottom of the recirculating 

tank and drained into a water filled recovery drum at the end of the test.  Any water overflow from the 

recirculating tank is returned to the clarifier.  The recirculation tank design details are shown in Drawing # 

721-402. 

 

4.2.4 Control Systems 

Key process variables are measured with field instrumentation.  Instrument signals are sent to a data recorder for 

real-time monitoring and data recording.  

 

There are two control loops used for controlling the system when in operation.  The first control loop controls the 

electric furnace temperature to a setpoint entered manually by the operator through the front faceplate of the 

furnace controller.  A thermocouple mounted on the furnace face is used by a Eurotherm controller to modulate 

silicon controlled rectifiers regulating the power to the heating elements of the furnace.  The second control loop 

regulates the temperature of the recirculation water to the direct contact condenser by adjusting the amount of 

make-up water introduced into the recirculation line. A thermocouple mounted in the recirculation line is 

connected to a Red Lion controller outputting to a control valve in the make-up water supply line. The operator 

adjusts the temperature of the recirculation line water via the manually entered setpoint on faceplate of the Red 

Lion controller. 

 

Pressure on the furnace/condenser system is controlled manually using a ball valve to adjust the flow of 

recirculation water to the scrubber/eductor on the top of the condenser. There are both electronic pressure 

transmitters and visual pressure indicators on the vapor line from the furnace and on the top gas exit line of the 

condenser  immediately prior to the scrubber/eductor.  These instruments are used by the operator to control the 

pressure in the vapor line from the furnace to near zero inches of water column pressure or slightly negative.  The 

pressure is controlled near zero to minimize the possibility oxygen might be pulled into the system or phosphorus 

might be pushed out.  Either condition would likely initiate a fire. 

 

Heated nitrogen is introduced to the furnace vapor space to act as a carrier gas for the phosphorus vapors.  The 

nitrogen is introduced at the packing gland for the agitator (when present) and through a nozzle on the furnace lid.  

The nitrogen supply is from a nitrogen cylinder under pressure.  The cylinder pressure is reduced using a pressure 
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reduction valve to a level appropriate for the furnace.  The flow rate of gas is regulated by two rotometers, one for 

each supply point to the still. 

 

4.2.5 Furnace 

The electric furnace is from Mellen, a supplier of commercial furnace products.  The furnace is capable of 

suppling 45 kW of power input to heat the still to a maximum operating temperature of 1400°F.  The furnace 

system is supplied complete with a Eurotherm temperature controller and high temperature cutoff. 

 

4.3 Process Hazards Review 

Construction of the pilot plant was completed in early August of 2010.  Following commissioning activities, a 

comprehensive Process Hazards Review was completed.  The purpose of this process/procedural hazard review 

was to determine if the Phosphorus Pilot Recovery System as designed and constructed could safely recover 

phosphorus from the clarifier material.  An additional objective was to determine if adequate safeguards had been 

specified in the process design to detect, prevent, or mitigate releases and other non-standard operating events.  

Industrial hygiene, ergonomic and personnel protection requirements for each specific task were reviewed. 

 

Rhodia was represented by the Silver Bow Site Manger and Environmental, Safety and Health Manager.  The 

engineering and design Project Manager from Franklin Engineering Group (FEG) attended the two day review.  

The Construction Manager, Field Superintendent and operating personnel from KASE/Warbonnet (KW) were in 

attendance to provide operating and procedural input.  A professional facilitator with extensive phosphorus 

manufacturing experience was contracted to provide structure to the review and to provide a summary working 

document.  

 

The design review was based on the Heat and Material Balance drawing provided by Franklin Engineering Group.  

The normal operating parameters and procedures for each of the eighteen process streams were evaluated 

separately and in relation to the system as a whole.  Each of the normal operating parameters were then evaluated 

on a ‘what if’ deviation basis, ie. Flow: Higher than normal flow, lower than normal or no flow.  Temperature:  

Higher than normal temperatures, lower than normal temperatures.  Controls and safeguards were identified as 

well as system or procedural revisions.  A Qualified Risk Matrix (QRM) was considered when warranted.  The 

QRM adds a component of severity and likelihood to the process deviations.   

 

A document was generated at the conclusion of the Process Hazards Review to record the group 

recommendations.  Tracking completion of the recommendations was the responsibility of the construction group.  

A copy of the Process/Procedural Hazards Review Recommendations is include at the end of this report as Figure 

15. 

 

4.4 Operations Narrative 

The following is a description of typical steps to process a batch of sludge from the clarifier through the pilot 

plant.   
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1. Sludge is removed from the clarifier using a small trackhoe and carefully loaded through a funnel/bin into 

the still bottom.   

2. The sludge is allowed to settle and the excess water is decanted from the surface and returned to the 

clarifier.  A thin layer of water is left to cover the clarifier sludge to prevent burning. 

3. The loaded still bottom is moved to the maintenance area/spill pan next to the clarifier. 

4. The still lid with agitator is lifted and placed on top of the still bottom and the bolts installed and torqued to 

specification. 

5. The loaded still assembly is placed on the platform scale to record the beginning weight for the batch. 

6. The loaded still is then placed into the furnace frame and secured with bolts. 

7. Process connections are made between the still, condenser system, and the nitrogen purge/vent piping. 

8. The condensing and recirculation system heat tracing and tank heaters are energized to bring and maintain 

the system within an acceptable temperature range (120-140°F). 

9. The thermocouples on the furnace are re-installed and connected to the data recorder input wiring. 

10. The furnace is energized and heat applied in a controlled fashion to bring the temperature in the still up to 

the set point temperatures. 

11. During the heat up, the pressures and temperatures of the condensing and recirculation system are 

monitored and adjusted to stay within process limits. 

12. The still vapor line temperature is monitored as a basis for predicting the start and end of the water and 

phosphorus vapor phases.  Once the vapor line temperature is judged to indicate the phosphorus has been 

vaporized, the furnace is turned off and the system allowed to cool overnight. 

13. The connections between the still, condenser system, and nitrogen/vent piping are removed. 

14. The still is lifted from the furnace frame, weighed to determine batch final weight, and moved to the 

maintenance area/spill pan next to the clarifier. 

15. The bolts are removed and the lid is removed. (If any phosphorus remains, water is added to suppress 

fires/smoke and the still is cleaned.) 

16. The phosphorus that was vaporized and then condensed in the condenser is drained into a drum through a 

ball valve on the bottom of the condenser. The drum is located inside an oversized drum of heated water. 

17. The product drum is then removed and weighed to determine how much phosphorus was distilled. 

18. Any phosphorus collected in the recirculation tank is also drained into a drum and weighed. 

19. The system is then cleaned with hot water flushes to remove any residual phosphorus and prepare for the 

next batch. 

 

5.0 TEST RUNS OVERVIEW 

5.1 Test Run #1 

Run #1 was performed on August 31, 2010 with the batch size of approximately one half the design capacity of 

the still (batch weight = 193 lbs).  This run was made without the agitator installed in the lid of the still and the 

agitator mounting flange was covered with a blind flange.  There was visible phosphorus remaining in the central 

area of the still at the end of the batch with a muddy crust on the still wall. This run illuminated several areas 

within the system that could be improved prior to the next run.  These included: 
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 Agitation - Agitation may be necessary for heat and mass transfer to be successfully accomplished 

in a timely manner so an agitator will be installed. 

 Insulation - Various areas of the still and condenser system needed insulation for improved heat 

retention and to prevent condensing and buildup of phosphorus. 

 Maintenance - Modifications to allow for easier maintenance and cleanup of the system after each 

batch were needed. 

 Temperature Control - The condenser system temperature needed to be controlled within the range 

of 120-140°F for the phosphorus to properly settle and collect in the condenser. 

 Metering – Monitoring and recording furnace power usage is important so a meter to record the 

furnace power usage will be added.  

5.2 Test Run #2 

After the improvements identified in run #1 were implemented, run #2 was performed on September 13, 2010.  

This batch size was also approximately one half the design capacity of the still (batch weight = 221 lbs).  The 

furnace setpoint was raised in a stepwise fashion throughout the batch. This batch was successful with the residue 

contents of the still being visually phosphorus free.  The amount of phosphorus collected from the condenser and 

the recirculation tank was within the anticipated range. 

 

5.3 Test Run #3 

Run #3 was performed on September 21, 2010 with the batch size near the full design capacity of the still (batch 

size = 342 lbs).  The furnace setpoint was raised to 1200°F at the beginning of the batch and held there throughout 

the batch.  There was significant phosphorus remaining in the residue of the still at the end of the batch requiring 

water quenching when the lid was removed. Analysis of run #3 process information indicates the residual 

phosphorus resulted from an incomplete run where the time and temperature required to vaporize all red 

phosphorus was not achieved. 

  

6.0  TEST RESULTS 

6.1 Run #1 

Agitation, insulation, and maintenance issues with run #1, combined with significant white phosphorus remaining 

in the residue, eliminated fruitful discussion of the process data.   Run #1 will not be presented in the results 

discussion because of these issues.  As required by the test plan, all material from run #1 was returned to the 

clarifier. 

6.2 Run #2 

Run #2 was the only run in which the phosphorus was completely vaporized and so it presented the only sample of 

residue that could be analyzed for elemental phosphorus and TCLP metals.  Those analyses are attached as Figure 

4 and Figure 5.  The residue did not smoke or ignite as it contained only 0.0016 mg/kg elemental phosphorus.  The 

residue failed the TCLP analysis for cadmium as 1 mg/L is the limit for non-hazardous waste and 2.13 mg/L was 

the measured value.  The residue was stored on the Hazardous Waste Storage area on site, and shipped off site for 

hazardous waste (i.e., D006) disposal within the 90 day storage period.   
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The trend plot of the temperature data from run #2 (Figure 6) shows the recorded temperatures for the batch.  The 

top red line is the furnace temperature with the stepwise ramp-up during the batch reaching the final maximum of 

1350°F.  The lower blue line is the still vapor line temperature and reveals the most information about what is 

happening within the batch. The still contents temperature is not directly measured but can be deduced from the 

vapor line temperature.   

 

Initially the still vapor line temperature is steady at ~200°F which corresponds to approximately the boiling point 

of water at altitude. As the still contents temperature increases and the amount of water in the still diminishes, the 

vapor temperature slowly increases until there is not enough vapor flow to carry heat up to the temperature sensor 

in the still vapor line (~ 2:56PM).  The vapor line temperature then slowly drops for the next hour and a half as the 

still contents temperature increases to the boiling point of white phosphorus (~560°F).  

 

When phosphorus vaporizes in significant quantities, the temperature rises quickly to ~480°F and remains there 

as long as there is enough phosphorus being vaporized (~5:30PM).   The vapor line temperature then drops again 

as the vapor flow from the still is too low to carry the heat from the still to the temperature sensor in the vapor line.  

The vapor line temperature continues to drop for the next 45 minutes as the still contents temperature increases to 

the vaporization point of red phosphorus.  

 

When red phosphorus vaporizes in significant quantities, the vapor line temperature rises quickly again to ~460°F.  

After the red phosphorus is exhausted from the still, the vapor line temperature gradually falls again as there is not 

enough vapor to carry the heat from the furnace to the temperature sensor.  The red phosphorus present is believed 

to have been produced by conversion of the white phosphorus into red during the heat up prior to vaporization of 

the white phosphorus. The two temperature rises from the white and red phosphorus are indicated by two humps 

on the temperature chart for the vapor temperature line.  The relative size of the two humps is a crude 

approximation of the ratio of white to red phosphorus in the batch.  As expected, the white phosphorus hump is 

significantly larger than the red phosphorus hump. 

 

The trend plot of the pressure data from run #2 (Figure 7) shows the recorded vapor line and condenser outlet 

pressures for the batch.  There are several excursions of the pressure from the control point (slightly positive for 

the vapor pressure line), but none of these are thought to have any significant impact on the process. 

 

The batch time for run #2 (a half batch) was 10 hours 10 minutes, which is longer than estimated on the original 

Heat and Material Balance (HMB) for a full batch.  There are likely two major factors for the extended cycle time; 

the amount of water that is retained in the batch charge even after decanting, and the degree of  agitation 

particularly near the wall of the still.  The original HMB estimated the still feed after decanting as ~15% by weight 

water. The summary sheet for run #2 (Figure 9) indicates the still feed after decanting actually to be ~62% by 

weight water.  This additional water is a large heat requirement for the system and must be removed before any 

phosphorus can be vaporized.  A simple heat balance for run #2 (Figure 8) indicates that approximately 79% of 

the BTU’s used by the process were used to heat and vaporize the water.  Batch #1 and #2 had a small amount of 

fouling on the inside wall of the still but batch #3 showed  a significant fouling layer.  Since the vertical side walls 
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of the still are the only direct heating surface for the system (no direct heating on the bottom), any fouling on those 

surfaces would significantly affect heat transfer into the still. 
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Figure 4 TLCP Analysis of Run #2 Residue 
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Figure 5 Phosphorus Analysis of Run #2 Residue 
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Figure 8  Run #2 Heat Balance 
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Figure 9  Run #2 Batch Summary Data Sheet 
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6.3 Run #3 

Since run #3 did not vaporize all of the phosphorus from the batch, it was not possible to sample or analyze the 

residue in the still.  As required in the Pilot Test Waste Plan, all of the residue from the run #3 was returned to the 

clarifier. 

 

The trend plot of the temperature data from run #3 (Figure 10) shows the recorded temperatures for the batch.  The 

furnace temperature is set to 1200°F at the beginning of the batch and remains there for the duration of the batch.  

The vent line temperature presents a similar profile to the run #2 vent line temperature for the same reasons.  The 

one significant difference is the absence of the second phosphorus rapid temperature rise, indicating that the 

boiling point for red phosphorus was not reached in the still. This was confirmed by the significant amounts of red 

phosphorus remaining in the still residue.  The other temperatures shown on the chart record the vent and scrubber 

operation, which were fairly stable during the run. 

 

The trend plot of the pressure data from run #3 (Figure 11) shows the recorded pressures for the batch.  There are 

a few pressure excursions from the control point (slightly positive for the vapor pressure line), but none are 

thought to have any significant impact on the process. 

 

The batch time for run #3 was 10 hours, almost the same as run #2. However, run#3 had a larger batch size and did 

not completely vaporize all of the phosphorus.  This was probably mostly due to an incomplete batch cycle.  The 

batch composition was similar to run #2 with ~ 54% (run #3 summary sheet – Figure 12) water vs. ~62% (run #2). 

A simple heat balance for run #3 (Figure 13) shows that approximately 80% of the BTU’s used by the process 

were used to heat and vaporize the water.  The walls of the still were coated in a muddy cake of material. 

 

As an operational improvement from run #2, the power meter readings were recorded on the operation log for run 

#3.  This allows an analysis of power usage through the batch.  This power data has been plotted with the vapor 

line temperature and furnace temperature (Figure 14).  From ~11:30 through to the end of the batch, the slope of 

the power line is constant, indicating constant power draw by the furnace to hold the 1200°F setpoint.  The entire 

white phosphorus temperature rise on the vapor line occurs during this constant power draw.  This is consistent 

with the simple heat balance for run #3 as the vaporization of the phosphorus uses only ~4800 BTU (1.4 kWh).  

This would not be enough of a heat sink to be seen in the power usage above the noise and inefficiencies inherent 

in the system.  The kilowatt-hours used per pound of phosphorus processed through the pilot plant is affected 

mostly by the amount of water in the feed and secondly by the heat transfer inefficiencies inherent in the system. 
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Figure 12  Run #3 Batch Summary Data Sheet 



 27

 
Figure 13  Run #3 Heat Balance 
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7.0  CONCLUSIONS 

The basic process as designed demonstrated a capability to safely vaporize and condense the phosphorus 

contained in the clarifier material.  Visually good phosphorus was recovered from all three batches.  The 

non-ignitable residue produced by one batch (run #2) remained hazardous due to leachable cadmium present in 

the still residue. Additional evaluation is needed to evaluate whether the process can render the crude phosphorus 

residue to be non-hazardous. 

 

Cycle time for complete vaporization of the phosphorus is reduced by agitation of the still material.  A reduction 

in the cycle time for the still could be made by addressing the fouling that occurs with the muddy cake that 

deposits on the inside wall of the still.  Other improvements in cycle time could be accomplished by reducing the 

amount of water that is carried in with the feed and minimizing the generation of red phosphorus during a batch.  

Minimizing the amount of water in the feed might not be possible with the present method of charging the still, 

but could help significantly in reducing cycle time if accomplished.  Minimizing the red phosphorus generation 

will require finding the optimum set of process conditions, particularly furnace temperature setpoints and ramp 

rates.  An improvement to the furnace which might help in controlling the amount of red phosphorus generated is 

the addition of a bottom heating coil to the existing furnace.  The additional heat transfer area and heat input could 

assist in reducing the time where the temperature is high enough to convert white phosphorus to red, but not 

enough to vaporize white phosphorus from the still. 

 

Correct operation of the condenser system requires the temperature to be controlled within a prescribed range.  

Any future designs should include thermal insulation for piping and equipment to assure systemic heat loss is 

controllable as part of the design basis and the operational plans. 

 

 
 
8.0  FUTURE PLANS 
Additional pilot plant runs are tentatively planned for June, July, and August of 2011.  A meeting was held  

January, 2011 in Phoenix, AZ to discuss system modifications, develop a plan for future pilot plant runs, and 

identify design information that might be needed for the production scale design. 

 

Some recommendations for future improvements to the process include: 

8.1 Control Room Improvements 

 Install Air Conditioning 
 Move Eurotherm furnace temperature controller to control room 
 Conduit required for thermocouple (T/C) wires 
 Additional #2 welding lead required 
 Add Watt-hour meter inputs to data logger 
 Control recirculation pump speed with field T/C inputs 
 Utilize thermocouple (T/C) input to control water temperatures 
 Resolve span issues on water recirculation control I/P air controller 
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8.2 Furnace and Still Improvements 

 Add Thermocouple in Still (agitator) to measure still contents temperature 
 Re-design agitator seal (pump style packing) and move blades closer to shell 
 Possibly add bottom plate and support to agitator 
 Replace faulty sidewall heat coils 
 Repair south T/C port (tube not straight) 
 Install heat coil in furnace bottom 
 Add monorail to install still in furnace 
 Add Lifting bale for furnace across lid 
 Machine raised face off Still lid flange 
 Possibly fabricate spare Still for optimization 

8.3 Vapor Line Improvements 

 Re-design Vapor Line, possibly larger 
 Improve routing, including 45 deg elbows, to reduce trapped phosphorus 
 Add additional insulation and heat tracing  
 Heat trace block and bleed 
 Add chicago couplings for wash lines 
 Replace vent line temperature indicator (TI-1000) with lower range gauge 
 Replace magnahelic pressure indicator with plus/minus scale gauge 

8.4 Nitrogen System Improvements 

 Hook up both Nitrogen heaters to input additional heat 
 Install temperature controller 
 Insulate Nitrogen supply lines 
 Consider Liquid N2 supply instead of compressed gas cylinders 
 Relocate pressure gauge port 

8.5 Condenser Improvements 

 Confirm Eductor nozzle size.  Possibly install smaller nozzle 
 Add control valve for Eductor 
 Move VL plug valve to bottom of Condenser 
 Add sight glass gaskets 
 Weld/replace threaded fittings.  Remove unions 
 Replace magnahelic pressure indicator with plus/minus scale gauge 
 Heat trace and insulate Eductor and Condenser outlet 
 Add condenser insulation 
 Install heat tape controllers 

8.6 Water Recycle System Improvements 

 Move fresh water makeup to TK-100 recycle tank 
 Install sight glass level indicator on TK-100 
 Install visual flow meter 
 Re-design overflow collector 
 Repair pin hole weld leaks 
 Move strainer closer to pump (possible bypass) 
 Install heat tape controllers 
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Picture of the overall system 
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Still residue after Run #2 

 
Still residue after Run #3 indicating red phosphorus 
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Some of the recovered phosphorus immediately after lifting from the water cap. 
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10.0 PHR RECOMMENDATIONS 
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Figure 15  PHR Recommendations Page 1
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Figure 15  PHR Recommendations Page 2
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Figure 15  PHR Recommendations Page 3
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Figure 15  PHR Recommendations Page 4
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Figure 15  PHR Recommendations Page 5
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