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NAPHTHA HYDROTBEATING FOR REFORMERS 

Naphtha hydrotreating is commonly used to reduce the sulfur levels 

so that the hydrotreater product can serve as a suitable reformer 

feed. The requirement for low sulfur reformer feed is essential 

if refiners wish to optimize their reformer operations with high 

activity, high stability bimetallic catalysts. 

Usually, depending on the naphtha hydrotreater operation, feed 

sulfur will be about 1 wppm sulfur for balanced platinum/rhenium 

catalysts reforming operations. For the high rhenium to platinum 

(ratio >1.0) catalyst systems, feed sulfur specifications are 

usually less than 0.5 wppm and lower sulfur concentrations are 

preferred. Naphtha hydrotreating does have its limitations in 

meeting these specifications. 

LIMITATIONS IN NAPHTHA HYOROTBEATING 

In the naphtha boiling ranges of 180 to 4000 F, the organosulfur 

compounds are mainly thiols, disulfides, sulfides and thiophenes. 

Thiophene is considered to be the most refractory and has been the 

subject of numerous desulfurization studiesl • The 

hydrodesulfurization of an organosulfur can be represented as : 

Organosulfur + H2 ----> Organic Compound + H2S 
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Similar overall reactions can be written for hydrodenitrogenation 

and hydrogenation. Table 1 shows the kinds of organosulfur 

compounds present in naphthas. 

The requirement to achieve 99+ % desulfurization in order to meet 

the <1 wppm reformer sulfur feed level, has led to some catalytic 

or thermodynamic limitations. At high reactor operating 

temperatures of about 6000 F and at high pressures, <0.5 wppm 

sulfur products are not easily achieved. In the past, this 

limitation had been ascribed to mercaptan reversion or the 

recombination of olefins and hydrogen sulfide to form mercaptans 

or thiols. While there could be some occurrence of mercaptan 

reversion, firm establishment of this has eluded most researchers 

because of difficulties associated with characterizing reformer 

feed sulfur types at the 0.1 to 1.0 wppm sulfur concentrations. 

Mercaptan reversion can be represented generally by the following 

reaction: 

Olefins + H2S ----> Mercaptans 
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An alternative hypothesis for the desulfurization limitation is 

that residual sulfur at the deep desulfurization levels required 

to meet bimetallic reformer feed sulfur specifications is 

primarily composed of thiophenes and alkyl-substituted thiophenes. 

Analyses of naphtha hydrotreater products for sulfur compound 

types revealed that over sot of the sulfur present at the 0.1 to 

1.0 wppm level were thiophenes. 1 

In studies by Katzer and coworkers2 on the desulfurization of 

dibenzothiophenes (DBTs) as model compounds for the 

desulfurization of gas oils, the rates of desulfuriztion of alkyl

substituted dibenzothiophenes were lower than those of the 

unsubstituted analogs and the alkyl forms were the limiting 

compounds. This difference in reactivity of the alkyl forms was 

ascribed to the presence of sterically hindered intermediates. By 

analogy, in the case of the lower boiling naphthas, thiophenes and 

alkyl substituted thiophenes are more likely to be the predominant 

residual organosulfurs at deep desulfurization levels required to 

achieve <0.5 wppm total sulfur. Depending on the end point of the 

naphtha, organosulfur compounds such as thiophenes and 

benzothiophenes may be present in the reformer feed. 
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The need to achieve lower sulfur in reforming systems can be met 

with sulfur sorption technology if the normal naphtha pretreatment 

and stripping process is inadequate. 3 The best sorption system to 

be selected depends on whether the sulfur is thiophenic, mercaptan 

or H2S. The economic benefits for removing this remaining trace 

sulfur has been discussed previously3 where the sulfur removal is 

accomplished in the vapor phase, a process adequate for removal of 

all sulfur compounds. 

However, there are also available to the refiner various liquid 

phase systems for sulfur removal in reformer feed which remove at 

least the sulfur which is mercaptan and H2S. The obvious question 

occurs, "How do the liquid phase systems compare in performance 

and overall economic benefit to the vapor phase?" The focus of 

this paper is to provide some guidelines by which such a technical 

and economic assessment can be made. 
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SULFUR SORPTION SYSTEM DESCRIPTION 

Vapor Phase 

Figure 1 illustrates the placement of a typical vapor phase sulfur 

guard reactor. The reactor is placed after the last preheat 

exchanger or after the preheater in order to provide for optimum 

sulfur retention and minimize environmental control interference. 

The system necessarily requires alloy construction because of the 

high hydrogen partial pressure and temperatures generally in 

excess of 800oF. Figure 2 illustrates a typical sulfur sorption 

reactor system for either a vapor or liquid phase system. The 

presence of block valves within the system makes overpressuring of 

the sulfur guard reactor and upstream equipment a possibility that 

must be designed into the system if not allowed for in the 

original reformer design. 

This need can be served by at least two alternatives: 

1. A pressure relief system to flare on the sulfur guard 

reactor. 

2. An interlock system that requires that the bypass always 

be opened first before any other block valve is closed. 
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Commercially, both of these systems have been used with equal 

success. The overall advantages and disadvantages of the vapor 

phase system are as follows: 

Advantages Vapor Phase 

1. Removes all sulfur from the incoming feed except sterically 

hindered thiophenes on the first pass. 

2. Removes all hindered thiophenic compounds as H25 from recycle 

gas after the first pass over the reformer catalyst. 

3. Provides maximum assurance of recovery from process upsets. 

Disadvantages Vapor Phase 

1. High initial investment. 

2. Location in the reformer system requires additional 

compressor horsepower. 
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As pointed out in previous publication3 , the sulfur guard process 

can be easily cost justified even with the relatively high 

investment. The real question then is "Is there a lower cost 

alternative which will give the same or improved benefits in the 

liquid phase type process?" 

LIQUID PHASE 

Figure 3, illustrates the placement of a typical liquid phase 

sulfur guard reacto~. The reactor is placed on the stripper 

bottoms before the feed/bottoms exchanger. This location assures 

that carbon steel or a lower grade alloy steel can be used and 

thereby assuring the lowest possible vessel cost. The need for 

pressure relief or an interlock system here is also apparent. 

However, the design flare load is much less in quantity than vapor 

phase due to the absence of recycle hydrogen. 

The advantages and disadvantages of such a system are as follows: 

Advantages Liquid Phase 

1. Lower initial investment. 

2. Doesn't impact on reformer recycle compressor horsepower 

since it is located outside the recyle' loop. 
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Disadvantages 

1. One pass feature limits compounds adsorbed to H2S and 

mercaptans. 

2. Recovery of reformer system from upsets in the hydrotreater 

upstream require a substantially longer time than for the 

vapor phase system. 

COMPARISON OF LIQUID PHASE AND VAPOR PHASE SYSTEMS 

Since there are a number of commercialized liquid phase absorbents 

available and only one vapor phase system, the following 

analytical approach has been taken. First, investment and 

operating costs will be evaluated for a feed containing only H2S 

and mercaptan at the 1 wppm level. 

1. Comparisons will be based on cost per pound of sulfur 

absorbed. 

2. The overall operating cost differences between processes 

will then be used to determine if the vapor phase system 

additional capital has a reasonable payout. 
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Secondly, a feed containing 1 wppm with varying levels of 

thiophene, the remainder being H2S and mercaptan will be 

examined. 

1. In this case, the net economic effect of an average 

cycle yield increase will be considered for both liquid 

and vapor phase. 

2. The payout on each investment will be illustrated for 

each level of thiophenic sulfur. 

CASE 1 - SULFUR PRESENT AS H2S AND MERCAPTAN ONLY 

Capital Investment 

Some guidelines on vessel sizing as a function of absorbent 

capacity for sulfur and apparent bulk density must first be 

established. An LID ratio of ~ is assumed • 

D - • 09709·F 
ABD·x 
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L - Tangent to Tangent length of vessel (ft.) 

D = Vessel Diameter (ft.) 

Where F = Reactor Feedrate (BPSD) 

ABD - Apparent Bulk Density (lb/cu.ft.) 

x = Fractional sulfur retention in pounds of sulfur 

per pound of adsorbent. 

Vessel cost is illustrated in Figure 4 for liquid and vapor phase 

reactors as a function of feedrate. An arbitrary value for the 

product ABD·x of ~ has been used. The vessel cost is 40 to 50% 

higher for the vapor phase process, as expected. 

Carrying the analysis further, Figures 5 and 6 illustrate the 

total erected cost for vapor phase and liquid phase, respectively. 

These total erected cost are illustrated for a number of ABD·x 

values. The differential capital investment total erected cost, 

between the two processes is plotted in Figure 7. 
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Operating costs 

The operating cost associated with either type of sulfur guard is 

primarily recurring costs for adsorbent. Incremental utilities 

necessary due to increased pressure drop are considered small by 

comparison. The primary variables are cost of the adsorbent per 

unit weight and the sulfur retention fraction previously described 

as ~. 

A number of assumptions are needed to allow derivation of a 

simplified formula for calculating overall operating cost 

difference between sulfur removal processes. 

1. Naphtha Feed Sulfur, SF = 1 wppm 

2. Annual run time = 365 days. 

3. Naphtha specific gravity is 0.76. 

4. Vapor phase operating cost per pound of sulfur is 

$50/pound. 

Using £ as the cost per pound of liquid phase adsorbent and ~ as 

previously defined. 
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6~-~-~ 

6TA - .09709·F {(c/X) - 50} 

Where the subscripts and symbols have the following meaning: 

~TA - Annual cost differential ($/year). 

TAL - Total annual liquid phase operating cost ($/year). 

TAV - Total annual vapor phase operating cost ($/year). 

(c/x) - cost per pound of sulfur in the feed for the liquid 

phase pro~ess. 

Using the formula above and various (c/x) values differential 

operating costs are calculated for various feedrate and are 

illustrated in Figure 8. Using these differential operating costs 

and the differential capital investments of Figure 7, a payout on 

the incremental investment can be calculated as illustrated in 

Figure 9. 

Clearly at a combination of low throughputs and low cost per pound 

of sulfur removed for the liquid phase, the liquid phase process 

would be the most economic choice for H2S and mercaptan removal 

only. 
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However, at higher cost per pound of sulfur removed {(c/x) ~ 100}, 

the payout on the incremental investment for the vapor phase 

process is less than 3 years for feedrates of 10 M BID or more. 

Of course, the vapor phase process does remove thiophenes on the 

second pass and provide greater assurance of quick recovery from 

upsets. 

This assurance against upsets is difficult to quantify because of 

timing and intensity of upset. However, the thiophenes removal 

advantage can be quantified. 

CASE 2 - SULFUR PRESENT AS MERCAPTAN. H~S AND THIOPHENE 

The reduction of sulfur in the reformer system causes an increase 

in catalyst yield stability and temperature stability. The yield 

stability increase can be used to increase cycle average yield by 

operating to a constant cycle length and avoiding the yield 

decline that results from extending the cycle. This concept is 

illustrated in Figure 10. The differential Cs+ yield improvement 

can be used to quantify the economic benefit of reducing the 

sulfur in a reformer feed or conversely to quantify the debit for 

not removing the sulfur. 
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since liquid phase sulfur guard does not remove thiophene and 

vapor phase does, we have a tool by which to distinguish the 

economic benefits of the two processes based on total system 

sulfur. 

The total system sulfur (mppm) for a variety of different 

thiophenic sulfur contents is shown in Figure 11. The thiophenic 

sulfur removal on the initial pass is Q for both liquid and vapor 

phase. Of course, by virtue of its position in the recycle loop, 

the vapor phase process maintains an overall system sulfur less 

than the liquid phase when thiophenic sulfur is present. 

The relative stability of a high rhenium catalyst in the presence 

of varying levels of thiophenic sulfur for both liquid and vapor 

phase sulfur removal processes is illustrated in Figure 12. The 

maximum total sulfur in the naphtha feed is 1 wppm for all cases, 

the balance of the sulfur is mercaptan and H2S. Note that the 

relative stability of the reformer catalyst performance varies 

only slightly with the vapor process due to its inherently lower 

total system sulfur. 



Paqe 15 

This relative stability benefit with some assumed pricing for 

increased liquid yield and the value of octane barrels allows 

generation of a gross revenue versus feedrate plot with relative 

stability as the parameter. 

Using a net yield effect value of 85¢/gal for the incremental high 

octane reformate, we obtain Figure 13. This plot now allows the 

gross revenue for a given relative stabil i ty increase to be 

quantified. Or more to the point, such a plot allows 

quantification of the debit for operating at increasingly higher 

thiophenic sulfur concentrations in the reformer feed. 

A plot of gross revenue for both liquid and vapor phase processes 

is shown in Figure 14 for a 20,000 BPSD reformer. Note the 

essentially flat revenue line for the vapor phase process. Note 

also the decreasing gross revenue line for the liquid phase -

consistent with an increasing overall system sulfur. 
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Finally, the payout (in months) for each processes' investment is 

illustrated in Figure 15 for a 20,000 BPSD reformer. Various 

operating cost (c/x) for the liquid phase sulfur guard have been 

used. This plot illustrates that sulfur guard process selection 

depends on liquid phase sulfur guard cost per pound of adsorbent 

(c), the sulfur retention of the liquid phase adsorbent (x) and 

the thiophenic sulfur content in the naphtha feed. 

The point of equivalent payout is at decreasingly lower thiophenic 

sulfur content as the operating cost of the liquid phase process 

increases. 

CONCLUSION 

Naphtha Hydrotreating is sometimes inadequate to achieve product 

sulfur consistently less than 1 wppm. High rhenium naphtha 

reforming catalysts have 0.5 wppm as a sulfur limit, but lower 

sulfur concentrations are preferred. Achieving these consistently 

low sulfur levels is possible using supplemental sulfur sorption 

processes. These processes are differentiated by the process 

stream on which each is installed. The liquid phase process is 

installed on the stripper bottoms and the vapor phase process is 
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installed r ithin the reformer recycle loop after the last preheat 

exchanger. In evaluation of which process should be used, this 

paper has iven some guidelines. As a general statement on the 

process ec 

"For r grass-roots installation, using all new equipment the 

vaporl,Phase process does require more capital investment than 

the l t quid phase process. However, operating cost are lower 

than Fhe liquid phase process and overall potential benefits 

are hf gher." 

speCific.,t y , the additional inv.etDent coet for the vapor phe •• 

installatirn can be cost justified if: 

1. perating cost for the liquid phase process are 

ignificantly in excess of $50/lb of sulfur removed. 

2. Thiophenic sulfur is expected to be present in excess of 

30-50%. 

3. Periodic sulfur upsets due to upstream processing 

necessitate maximum protection against such upsets. 
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'fABLE 1 

SULFUR - CONTAINING COMPOUNDS IN NAPHTHAS 

COMPOUND TYPE STRUCTURE BOILING RANGE (oF) 

THIOLS (MERCAPTANS) RSH 150+ 

DISULFIDES RSSR' 180+ 

SULFIDES RSR' 180+ 

THIOPHENES 184+ 
, 

OR 0 S S 

BENZOTHIOPHENE CO (c(R ~ I S I 430'+ 
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Figure 2 Sulfur Guard Unit Schematic 
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Figure 3 
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Total Sulfur Guard Vessel Cost 
Figure 4 
Vessel Cost, US$ (Thousands) 
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Figure 5 Sulfur Guard Vapor Phase 
Total Erected Cost vs. Feed Rate 
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Figure 6 Sulfur Guard Liquid Phase 
Total Erected Cost vs. Feed Rate 
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Sulfurguard Differential Investment 
Figure 7 TEC Vapor-Liquid 

Delta TEe Vapor-liquid US$ (Thousands) 
300,--------------------------------------------, 

, ABD.x • 6 

250 

ABD.x • 8 

200 ABD.x • 10 

ABD.x • 12 
ABD.x • 14 
ABD.x • 16 

150 

100L---~---L--~----~--~--~----L---~--~--~ 

o 5 10 15 20 25 30 35 40 
Feed Rate BPSD (Thousands) 

45 50 



Figure 8 Delta Operating Cost Annual, Ta 
Liquid Phase - Vapor Phase Sulfur Guard 

Delta Annual Operating Cost (Thousands) 
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Figure 9 

Payout in Years, ABO.x= 6 
TEC/Ta 
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Percent of Cycle Vs. 
Figure 10 C5 plus yield Decline 
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Total System Sulphur 
Figure 11 vs Thiophenic Sulfur 
Total System Sulfur, Mppm 

2.5,------------------------, 

LIQUID 
2 

1.5 

1 

VAPOR 

o 
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Thiophenic Sulfur, Wppm 



Figure 12 
Relative Stability 

vs Thiophene 
Relative Stability 
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Gross Revenue (1000 $) 
Figure 13 Yield and Octane barrels 

Gross Revenue (1000 $) 
2500,---------------------------------------~ 

2000 
R-1.5 

1500 

1000 

500 

R- Relative Stability 

OL-------~------~------~------~------~ 

o 10 20 30 40 50 
Reformer Feed Rate BPSD (Thousands) 



Gross Revenue MM$ 
Figure 14 vs Thiophenic Sulfur 
Gross Revenue MM$ (Thousands) 
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Figure 15 Payout TEe/Net Revenue 
Payout in Months 
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