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PROLOGUE

In July of 1976, the Department of Energy initiated a comprehensive
program for environmental assessment of its high-BTU coal gasification pilot
plant installations. The overall objective of the program is to develop
the methodology and data base necessary for meaningful assessment of the
environmental impact of the coal gasification processes. The environmental
characterization efforts at each pilot plant are focused on scalable pro=-
cess unitsg, with the goal of establishing rules and strategy for scaleup
to commercial-size installations.

Carnegie-Mellon University, in its role as assistance, coordina-
tion and evaluation contractor for the DOE environmental assessment program,
has prepared a series of technical documents in support of program objec-
tives and activities within and across the coal gasification facilities.
This report represents one in that series. Reports are also available de-

scribing the unique C-MU role and summarizing program activities,
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ABSTRACT

Interactions of cyanide and reduced sulfur species in aqueous
solution can produce thiocyanate. Kinetics of reaction of cyanide and
polysulfide, and cyanide and thiocyanate were investigated. Initial
rate kinetic data for reaction of cyanide and polysulfide showed the
reaction is mixed order and that the order decreases from 1.91 to 1.18
as pH increases from 8.2 to 12; this was largely accounted for by a
decrease in reaction order with respect to cyanide as pH increases above
the pKa for hydrogen cyanide. Catalysis and inhibition studies showed that
high concentrations of ammonia were inhibitory and that cecal char fines were
catalytic. The rate of reaction of cyanide and polysulfide is approximately
three or more orders of magnitude faster than reaction of cyanide and thio-
sulfate depending on pH value. A neutral or slightly alkaline solution con—
taining on the order 10‘3M or more total sulfide can form polysulfide on
exposure to oxygen, and in the presence of cyanide there should be reaction

to yleld thiocyanate.
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INTRODUCTION

Cyanide, sulfide, and thiocyanate are environmentally significant pollu~
tants in industrial wastewaters from coke manufacturing and iron making, and
from coal gasification and liquefaction. These species plus complexes of
cyanide and thiocyanate comprise an important group of constituents with re-
gard to treatment and reuse of wastewaters from these industries. Effluent
limitation guidelines have been specified for cyanide and sulfide in coal
coking, iron making, and related industries (Luthy, Massey, and Dunlap, 1977).
Cyanide and thiocyanate qan enter into corrosion and deposition reactions with
steel process lines and equipment, and therefore have important implications
for development of wastewater reuse strategies. The purpose of this paper is
to present some aspects of aqueous chemistry of cyanide and sulfur in order to
better understand how cyanide may react with sulfide oxidation products to

form thiocyanate.

FORMATION OF CYANOGEN COMPQOUNDS

Wastewater Characteristics

The occurence of cyanide, sulfide, and thiocyanate in coal coking effluents
results from pyrolysis of coal at high temperature. Coke is manufactured in
by-product recovery ovens where coal is heated without air at temperatures
ranging from 1500 to 2000°F. Coal volatiles are collected in a gas main and

cooled, which results in the condensation of tars and flushing liquor. The
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tar and liquor are separated, and a portion of the liquor is recirculated

to flush the gas main. The process produces water which originates from
moisture in the coal; the excess liquor is called weak ammonia liquor and
may be processed for by-product recovery of ammonia, phenol, and light oils
comprised predominately of benzene, toluene, and xylene. Table 1 shows
general characteristics of coke plant weak ammonia liquor, and the character-
istics of this liquor after processing for ammonia recovery by steam dis-
tiliation with addition of lime.

At present there are no large commercial scale coal gasification plants
or coal liquifaction facilities in this country., However, increased emphasis
on augmenting natural gas and petroleum supplies via coal conversion has
stimulated a number of research projects, some of which have advanced to
substantial pilot plant testing programs. Coal gasification entails the
reaction of coal, steam, and air for low BTU gas or oxygen for medium and
hifgh BTU gas to convert coal carbon to gaseous constituents. Present process
research activity is focused on evaluation of improved efficiencies by use
of pressure, bed fluidization, and catalysts (Mills, 1977). Coal liquefactionm
entails the reaction of coal and hydrogen under temperature and pressure to
produce liquid hydrocarbons from coal. Coal gasification and coal lique-
faction produce foul condensates which contain many of the same constituents
as found in coke plant weak ammonia liquor. The amount of organic contaminants
in coal gasification raw product gas quench condensates is dependent on oper-
ating variables and coal type. Highest temperature reactors, 2000-3500°F,
produce the cleanest product gas and condensates relatively free of organic
contamination. Other factors that affect effluent quality are: gas residence

time, coal heatup rate, and gas solid mixing (Massey, Luthy, and Pochan, 1978).
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Table 1

Characteristics of Coal Coking and Coal Conversion Effluents

Parametery

Coke Plant

Coke Plant

Synthane Process

Hygas Process

H~Coal Liquefaction

mg/L Weak Ammonia Liquorl Ammonia Still Effluent2 By-Product Water Wastewater Foul Watet®

CoD 2500-10,000 3400-5700 15,000-43,000 3000--5100 88,000
(26,500)

Phenol 400~-3000 620-1150 1700-6600 560-900 6800
NH3-N 1800~-6500 22-100 7200-11,000 2600-4600 17,000
No;—u — <0.2 e 1-5 <1
Kjeldhal-N e 21-21 e 4~10 50
P < 1 0 @ 9 ————— 0 & 5"1 @ 8 —————
CN- 10-100 1.6-6 0.1-0.6 0.1~0.7 -
SCN™ 100-1500 230-590 22-200 17-45 ———
s 200-600 8 — 60-220 29,000
soz ----- 325-350 —_ 60-180 —
Alkalinity 3800-43003 525-920 10,000~20,000 9800~15,000 ————
(as CaC03)
Conductivity = ———e 3500-6000 e 30,000 0 e

(umhos/cm)
pH 7-5—901 9.3"9.8 8-5"‘9-3 7o8’8o0 9&5

{units)
Notes: 1. Data Sources: Rubin and McMichael, 1975; Wong-Chong, et al., 1978; Kostenbader and Flecksteiner, 1969;

EPA, 1974
2. Luthy end Jones, 1978, Free and fixed leg stripping with addition of lime,
3. Calculated from data of Jablin and Chanko, 1972

4. Johnson, et al., 1977
5. Luthy and Tallon, 1978.

6.

Reap, et al., 1977.

Hygas wastewater was comprised of equal volumes of cyclone and quench effluents.
Stripped foul water with sulfide removed had an average COD of 26,500 mg/%.
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Table 1 compares effluent composition for two hydrocarbon bearing coal
gasification condensates and a coal liquefaction effluent with coal coking

wastewaters. This comparison shows that cyanide, sulfide, and thioccyanate

are common to coal coking and coal conversion effluents.

Source of Cyanide and Thlocyanate

At present little specific information is available to explain mechan~
isms for formation of cyanide or thiocyanate during coal coking or coal con~
version. Various authors (Hill, 1945; Nakles, 1977) believe that under con-
ditions existing during c¢oal carbonization and gasification that ammonia re-—
leased from the coal may be converted to cyanide. Ammonia is formed as a
result of release of amino or substituted amino type side chains from the coal
structure. Nitrogen which remains in the coal after release of amino compounds
ie thought to be much more refractory than amino type nitrogen. Hydrogenation
conditions during gasification results in more ammonia formation than during
carbonization, probably as a result of hydrogen attack of ring bound nitrogen.
Cyanide may form during coal coking as a result of reaction of ammonia with
c, CE4, CZHZ’ C2H4’ and/or CO (Hill, 1945). Thus cyanide production is the

result of secondary reactions. Its production is enhanced by high tempera-

'tures, as it has not been observed in low temperature OMAOOOF) treatment of

coal vhether by extraction of distillation. It may be derived to a minor ex~
tent by pyrolysis of nitrogenous products obtained as a result of coal decom—
position, such as from pyridine.

Less is known about the formation of thiocyanate during coal coking and
coal gasification. It is not known if thiocyanate may form as a result of gas
phase reactions, as there is no documentation showing the presence of gas

phase thiocyanate (Hill, 1945; Luthy, et al, 1977). Ammonia and carbom



disulfide will react under pressure to produce thiocyanate (Williams, 1948),
However, this may not be applicable to coal coking or gasification, because
carbon disulfide is a wminor component of product gas.

As explained in this paper, it is known that cyanide can react with
oxidized products of sulfide to produce thiocyanate in the aqueous phase.

The extent to which these reactions may occcur in the gas phase are unknown.
These reactions presuppose the existence of an oxidizing agent and presumably
if there were no oxidizing agent, then the reactions can not proceed to yield
thiocyanate. Hence, at present it is not possible to predict the extent to
which gas phase cyanide may be converted to thiocyanate. Careful gas phase
sampling programs are required in order to answer this question.

Regardless if thilocyanate can be formed in significant quantities as a
result of gas phase reactions, there is no question that thiocyanate is found
in coal gasification raw product gas quench condensates, coke plant ammonia
liquors, and in coke oven gas distribution line condensates and deposits
(Luthy, et al,1977; Massey, et al, 1976). A review of possible aqueous phase
reaction pathways for production of thiocyanate in coke plant ammonia liquors
and in coal gasification plant quench waters was presented in Luthy, et al,
1977. That paper reviewed possible reactions of cyanide with sulfur, and
discussed these reactions in light of studies on the oxygenation of sulfide
in aqueous solution. A conclusion from that work was that the dominate
reaction pathways for formation of thiocyamate with sulfide oxidation products
entails reaction of cyanide with polysulfide (Si‘) or thiosulfate (szoé'). The
following discussion interprets those findings in view of sulfur oxidation

chemistry and kinetics.
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SULFUR-CYANIDE INTERACTIONS

Recent kinetic studies on the oxygenation of sulfide in aqueous solution
have revealed the complex nature of these reactions. The stoichiometry of
sulfide-oxygen reactions depends on pH, concentration of reactants,and the
existence of inhibitory or catalytic substénces. In the pH range of 6.5 to
8.0 Chen and Morris (1972a) found that at high sulfide concentration there is
maximum polysulfide formation. Thiosulfate is the principal product in labora-
tory solutions at pH greater than 8.5 regardless of the sulfide to oxygen ratio.
Some sulfite (SDi-) nay form and ié slowly oxidized to sulfate, or sulfite may
react with sulfur of polysulfide to form thiosulfate. Eventually all sulfur
and its oxyanions will be oxidized to sulfate in the presence ‘of oxygen. O'Brien
and Birkner (1977) concluded that a high total sulfide to oxygen ratio,

D e
stot

/02, along with a residual total sulfide concentration of more than 10‘3M

leads to the formation of polysulfide.
The second dissociation constant for sulfite, HSGS = H+ + sogf has pKzof 7.2,
Thus sulfite becomes dominate as pH increases. Alsoc the equilibrium shown in

equation (1) shifts to favor thiosulfate rather than sulfite and sulfur at in-

creasing pH values.

- 2- +
11503 + S 5203 + H L

Hence the lack of polysulfide as an bxidation product of sulfide at pH greater
than 8.5 may result from its consumption to form thiosulfate.

Polysulfide ioms, Si‘, form through sequential combinatiomns of neutral
sulfur atoms with sulfide. Schwarzenback and Fisher (1960) have found that the
polysulfuration index, x, can be 2 to 5, but tetra— and pentapolysulfide
dominate in aqueous polysulfide solutions. The second dissociation constants

6.3 =5.7
a

for H,S, and H,S. are 10 nd 10 respectively (Schwarzenbach and Fisher),

2°4 275
1960). Thus at pH values greater than 7.3, Si_ and Sg_ are the principal



forms of the polysulfide ion.

As a result of these studies it is concluded that possible reactions of
cyanide with sulfide oxidation spieces may proceed according to the reactions
summarized in Figure 1. This figure incorporates the sulfide oxygenation path-
way proposed by Chen and Morris (1972a) and cyanide chemical reactions with
sulfur compounds reviewed in Luthy, et al., (1977) and the equilibrium repre-
sented by equation 1. Data presented in Table 1 shows that coke plant weak
ammonia liquors and coal conversion quench waters typleally bave total sulfide
concentration ranging from 5 x 10—3 to more than lO‘ZM. This condition should
favor the formation of polysulfide upon contact with oxygen at near neutral
or slightly alkaline conditions.

The reaction of cyanide with polysulfide shown in Figure 2 may be described

2- 2

+ o + s 57+ scN (2)

SxS
In this reaction one polysulfide-sulfur atom, polymso, is reduced from oxida-
tion state O to -1 while the cyanide~carbon atom is oxidized from oxidation
state +2 to +3.

Cyanide is also reactive with thiocsulfate. This reaction may be described

2= - 2- -
3203 + CN - 505 + SCN (3)

One thiosulfate sulfur atom undergoes oxidation from oxidation state +2 to
+4 while the other thiosulfate sulfur atom is reduced from the +2 to the -1

oxidation state.

Thus, there are two predominate pathways for the reaction of cyanide with
sulfide oxidation products to yield thiocyanate. The experimental portion of
thig study presents results of investigation of the kinetics of these

rteactions.
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At 303““""—“—" S04

Os =
e i

o, ¥t o,
= 5,03 —» 50,4

CN™ CN™

. l
SCN™ +S,_,S SCN™ + SOq

Figure 1 Possible reactions of cyanide with reduced

sulfur species in aqueous solution to yield

thiocyanate.




EXPERIMENTAL

Reagents:

All stock solutions were prepared using certified analytical salts, acids
and bases. Each solution was prepared in laboratory distilled water and
stored under refrigeration.

Buffer solutions were prepared at pH 8.2, 10, and 12 at 0.1M strength.
The pH 12 buffer was prepared with 10.6 g/% NaZCOB; the pH 10 buffer with

4.2 g/% NaHCO, and 5.3 g/ Nazco3; the pH 8.2 buffer with 8.4 g/ NaHCO

3 3’
Hydrochloric acid (6N) was used for adjusting pH to the appropriate valua,

A 10 g/% stock cyanide solution (CN ) was prepared by diluting 25.1 g KCN
and approximately 2 g NaOH pellets to one liter. This solution was stan-
dardized regularly through the course of the experimentation.

A strong solution of polysulfide was prepared by placing 10 to 20 g of
sodium tetrapolysulfide (Ventron—Alfa Products) 1in one liter of buffer solu-
tion. A portion of the polysulfide solution was analyzed immediately follow-
ing preparation to determine the concentration. The solution was then diluted
with buffer as required for the experiment. It was found that the polysulfide
salt was unstable when exposed to air and moisture, and that the polysulfide
solution would gradually degrade even when refrigerated in a closed container.
For these reasons, polysulfide solutions were prepared fresh daily and standar-
dized immediately before use.

Standard thiosulfate solutions were prepared by dissolving Na,S$,0, in pH

2°2°3
12 buffer solution.

Analytical Procedures:

Cyanide concentrations were measured as total cyanide after distillation

FE-2496-32



with magnesium chloride reagent. The pyridine-barbituric acid colorimetric
procedure was used to measure cyanide in the distillate. Stock syanide sol-
ution was standardized by the silver nitrate titrimetric method (APHA, 1975).

Polysulfide was measured by a procedure adopted from Krachner (1970). In
this procedure polysulfide is reacted with excess cyanide under anaerobic
conditions in boiling boric acid to form one molecule of thiocyamate for each
polysulfide sulfur atom at oxidation state zero, poly~-S°. Fifty ml of 200 g/% he
ric acid solution were placed in a 125 ml beaker, covered with a watch glass
and brought to a atrong boil to expel oxygen. While the solution wasstill hot,
there was then added a measured amount of polysulfide containing not more than
200 mg poly—S° followed immediately by 2 ml of 107 cyanide. The solution was
brought to a second boil and the reaction went to completion in about five
minutes owing to the rapid rate at elevated temperature and the presence of
excess cyanide. Boiling was continued for ancther 10 minutes to volatize ex-
cegs cyanide. The procedure must be performed in a laboratory hood to assure
ne contact with highly toxic hydrogen cyanide gas evolved. The sample was
cooled and analyzed for thiocyanate.

The thiocyanate analytical method used in the kinetic studies with poly-
gsulfide is based on a copper-pyridine method developed by Kruse and Mellom
(1951) and Danchik and Boltz (1968). This method has been discussed in Luthy
et al, (1977); details of the procedure are provided in Luthy (1977). Thio~
cyanate is reacted with cupric copper and pyridine to form dithiocyanatopyridine

2 seN~ + Cult » Cu(sc)
(4)

Cu(SCN)2 + 2 CSHSN - Cu(CSHSN)Z(SCN)Z

10



This forms a light green ﬁrecipitate which ié extracted with chloroform. The
reaction is stoichiometric and the resulting color of the chloroform adheres
to Beer's law to permit spectrophotometric determination at 407 nm against

a chloroform blank. The first step in this procedure is addition of 1l:1 HNO3
to lower sample pH te 3.0 to 3.5. This results in precipitation of poly-
sulfide in the sample as a cloudy white precipitate., The sample is coarse
filtered after pH adjustment, and then filtered through 0.45 U membrane filter
to remove sulfur prior to addition of reagents.

The thiocyanate analytical procedure has proved successful on a variety of
wastewaters; the method was checked for interferences from the reactants and
oxidation products encountered in this study. No problems were identified
except with solutions containing on the order of 0.2M thiosulfate. This sol-
ution resulted in a cloudy sulfur precipitate in the chloroform which could not
Be removed easily by filtratiom. In this case thlocyanate was measured Iinstead
by the ferric nitrate procedure (APHA, 1975).

Thiosulfate solutions were standardized by titrating against KI and

standard bi-iodate.

Approach:

The reaction order was determined with respect to each constituent in the
cyanide-polysulfide reaction at pH 8.2, 10, and 12. These values were chosen
somewhat arbitrarily; however, it should be noted that pH values of 10 and 12
are above the pKa for hydrogen cyanide, pKa = 9,2, and a pH value of 12 is
that recommended for sample preservation for analysis of cyanide and thiocyanate
(APHA, 1975). A pH value of 8.2 was selected because it is representative of

the pH of coal conversion gas quench waters; this pH is above pK2 for tetra-

polysulfide and below pKa for hydrogen cyanide.

11
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The determination of the order ‘and reaction rate for the cyanide-
polysulfide reaction was performed by the Van't Hoff (differentfal) method.

This procedure is based on the following assumption of a general kinetic

equation
...dS_CN-. = = a ob
de Ri ka+b (CNtot)o (poly-s )o )
where
Ri = initial reaction rate, M/L - min
ka+b = gpecific rate constant
CNtot = molar concentration of HCN + CN
poly—S° = molar concentration of polysulfide~sulfur. The molar ratio
of poly -8° to total sulfur in tetrapolysulfide (Nazsé) is 3 to
43 but because NaZS4 decomposes, polysulfide sclutions must be
standardized regularly prior to use,
a = reaction order with respect to CNtot
b = reaction order with respect to poly-So

This expression written in logarithmic form becomes:

o
log Ri log ka+b + a log (CNtot)6+ blog (poly-S )o

(6)

The equation shows the sum of linear terms for each component of the reaction.

The value of a can be determined from initial rate tests in which the concen-

tration of poly-So is held constant and different concentrations of cyanide
are used. Thus equation (6) can be written as:

)a

Ri = ka (CNto: o

12

N



where ka is the rate constant with the same initial poly-So concentration and
varying cyanide levels. Similarily, the value of b can be obtained by
conducting tests in which the concentration of cyanide is kept at the same

level with different initial poly—s° concentrations.

R, =k (poly-so): (8)

where kb 1s the rate constant with same initial cyanide concentration and
different initial poly—SO concentrations.

The order of reaction obtained by the differential method entails the
determination of slopes of initial production rates. The change in concentra-
tion of reactants is small in the initial stages of the reaction; therefore,
equations (7) and (8) will not change materially even if the reactant held at
the same Initial concentration is not in excess. In logarithmic form equation

(7) becomes:

log Ri = log ka + a log (CNtot)o 9

Thus by plotting measured values of R linear

i
plots should be obtained with slope equal to a. Likewise, the logarithmic

logarithmically against (CNtot)o’

form of equation (8) is:

log Ri = log kb + b log (poly—So) (10)

a logarithmic plot of variation of initial rate with different poly—S° levels
should yield a straight line with a slope b.

The overall specific rate comnstant, ka+b’ in equation (5) can be found by

substituting experimental data for Ri’ CNtot’ and poly—So, and using values

of a and b as established from the logrithmic plots.

13
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Six different sets of experimental kinetic studies were performed
£to determine the rate and order of the reaction with respect to each
reactant at three pH values. The experimental technique employed concentra-
tions of cyanide and polysulfide to yield in a short interval an easily deter—
mined amount of thiocyanate.

The polysulfide solution was standardized and diluted with the proper buffer
to 138 mg/% as poly—So (4.3 % ].0'-3 M poly-So). Two hundred m{ of this solution
was placed in a 250 ml Erlenmeyer flask. Cyanide was added at concentrations
ranging from 26 to 780 mg/f (1 % 10'_3 to 3 x IO’ZM) by pipeting stock solution
into the flask. This operation insured an accurate measure of initiation time
and prevented volatilization of cyanide since only small amounts of stock
cyanide were required and no pH adjustment had to be made to the stock solutiom
prior to the experiment. The reaction was allowed to proceed for five minutes,
during this periocd the flasks were swirled several times to assure a uniform
mixture. The reaction was stopped by adding several ml of 1:1 HNO3 to lower
sample pH to a value between 3.0 and 3.5. This caused the polysulfide solution
to change from a characteristic golden brown color to a milky yellow and then to
8 white precipitate. The precipitate was removed by coarse f£iltering and
then by filtering through 0.45 | membrane filter to yield a clear sample which
was analyzed for thiocyanate,

A special series of tests were performed at pH of 8.2 to check for cyanide
losses by votatilization. These tests consisted of adding cyanide to samples
containing no polysulfide, waiting for five minutes, and then analyzing for
cyanide. This test showed that there was no loss of hydrogen cyanide over the
time interval employed here. Another set of tests were performed to ensure

that the reaction was indeed stopped by acidification and filtration. Replicate

14



kinetic test samples were acidified and filtered and allowed to stand from

several minutes up to four hours prior to analyzing for thiocyanate. Analysis

showed that there was no increase in thiocyanate over this period.

Catalvsis and Inhibition:

Additional kinetic studies were performed at pH of 8.2 to evaluate poten-
tial catalytic and inhibitory effects of inorganic and organic species, Com—
pounds selected for this work were chosen by their prevalence in coal coking and
coal conversion wastewaters and by reported effects on sulfur oxidation kineties.
Chen and Morris (1972b) studied the effects of addition of various metal ions
and organic compounds on sulfide oxidation. Other studies in this area have
been performed by Krebs (1929), Bulfer, et. al. (1936), and Cline and Richards
(1969). As a result of this work, the following compounds were selected for
study of the effect of small additions on cyanide-polysulfide reaction kinetics:
B, Ba2+, Ca2+, Cu2+, Mg2+, Mn2+, N12+, NHZ, Zn2+, phenol, ferricyanide, and
coal char fines. Coal char fines were obtained from Hygas ccal gasification
pilot plant Run 72.

It is recognized that cyanide can form a varlety of complex compounds with
specles such as copper, nickle, and zinc. This introduces another factor which
may have significant effects on cyanide-polysulfide kinetics. It was not the
intent of this study to separate these possible effects. The studies presented

here are perhaps purely abstract in nature since little is understood about
interactions leading to catalysis or inhibition. The final results are at least
indicative as to the importance that these substances may have on thiocyanate

production.

15
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RESULTS

Cyanide~Polysulfide Reaction:

Experimental results for estimation of initial reaction rates
and order or reactiosn for formation of thiocyanata from reaction of
cyanide and polysulfide are presented in Figures 2, 3, and 4 for

pPH values 8.2, 10, and 12 respectively. These data conform to the straight

line relationship given by equations (9) and (10). The order of the

reaction with respect to each constituent is given by the slopes of the

initial reaction rate plots, and the rate constant for the reaction -at each
PH value can be computed according to equation (6). Emperically determined
kinetic coefficients for the cyanide-~polysulfide reaction system are summar-
ized on Tabkle II. The reaction kinetics are approximately overall first order
at pH of 12. The reaction order increases with decreasing pH value; at pH of
8.2 the reaction 1s close to second order.

The catalysds and inhibition studies with the cyanide-polysulfide reaction
system were performed in the same manner as for the initial rate studies with
the only difference being the addition of a néw agent. The results of this
work are presented in Table III as R/Ro where Ro is the initial rate of reaction
without the agent and R is the rate of reaction with the agent present at the
specified concentration. These studies were performed at pH of 8.2 and further
study is required to determine if pH may have a large effect on catalysis and
inhibition.

Beéause of the noticeable effect of ammonia and coal char fines, additional
tests were performed with a range of concentration of ammonia as an inhibitor
and with a range of concentration of coal char fines as a catalysis agent. Fig-

ure 5 138 a plot of percent decrease of thiocyanate production versus ammonia

16
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Figure 2 Initial rate kinetic data for the polysulfide-cyanide

reaction at pH =8.2
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Table IX

KINETIC COEFFICIENTS FOR THE

CYANIDE~-POLYSULFIDE REACTION SYSTEM

KINETIC PARAMETER pH VALUE
8.2 10.0 12.0

Order with respect to

CNtot’ a 1.13 0.49 0.42
Order with respect to

poly-s°, b 0.78 0.92 0.76
Overall order,

a+hb 1.91 1.41 1.18
Specific rate constant

ko 1.15 0.30 0.09

ath

Notes: Temp. = 24—26°C, 0.1 M carbonate buffers, units are comsistent with

M/L -~ min reaction rate.
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TABLE III

INHIBITORY AND CATALYTIC EFFECTS OF VARIOUS COMPONENTS

ON THE CYANIDE~-POLYSULFIDE REACTION SYSTEM

SUBSTANCE SALT USED CONCENTRATION M/4 R/Ro Notes
Boron (B) H,B0, 9.25 x 1074 1.06
9.25 x 107> .83
Calcium (Ca2+) CaCl2 2.5 x 10_4 1.03
2.5 x 1073 .99
Magnesium (Mg2+) MgClz‘GHZO 4,11 x 10—4 1.12 White cloudiness
4.11 x 1073 .99
Ferricyanide 3 -5
(Fe(CN)6 ) K3Fe(CN)6 4,72 x 10 .99 A strong color
-4 imparted
4,72 x 10 .50
+2 =7
Barium (Ba ) BaClz'ZHZQ 7.28 x 10 1.03
7.28 x 107 1.03
24 -5
Manganese (Mn~ ) MnSOA-HZO 1.82 =z 10 1.03
1.82 x 107 1.02
Zinc (Zn2+) Zns0, 74,0 1.53 % 10--6 1.29 A white precipitate
§ "2 £
-4 ormed
1.53 x 10 1.06
Nickle (Niz+) N1C12-6H20 1.70 = 10”5 1.19 Dark color developed
1.70 x 1074 -86
Copper (Cu’h) Cus0, * 58,0 1.57 x 107° 1.12  Initial yellow color
-4 then returning to
1.57 x 10 .99 normal
Phenol CGHSOH 1.06 x 10-2 .99
5.31 x 1072 .92
Ammonia (NH:) NH,C1 5.54 x 1072 .70
2.77 x 1072 .63
Char Gasification 1000 mg/2 .79
coal char fines 10000 mg/2 1.89

Notes: pH = 8,2, 0.1 M HCO;™ buffer

-3
CNtot = 3,85 x 107~ M

poly-S° = 4,31 x 10™3y

21

FE-2496-32



concentration, and Figure 6 is a plot of percent increase in production of

thiocyanate versus concentration of char fines.

Cyanide-Thiosulfate Reaction:

An extensive analysis of kinetics of reaction of cyanide and thiosulfate
was not performed owing to data presented on this reaction by Bartlett and
Davis (1958). These authors measured the rate of reaction between sodium cyan-
ide and sodium thiosulfate in water and found that the reaction proceeded ir-
reversibly, and that the cyanide ion is a stronger thiophile than the sulfite
ion. The reaction at 25°C with an ionic strength of 0.09M was second order
with a rate constant of 2.3 x 10--3 2 /M~min.

The value of thig rate constant was confirmed in this study within a
factor of two by conducting initial rate studies with equimolar solutions of
cyanide and thiosulfate at a pH of 12 in 0.1M carbonate buffer. Here cyanide
and thiosulfate were reacted at 0.19M concentration for twenty minutes. In
these tests the production of thiocyanate was measured by the ferric nitrate

procedure after lowering pH and filtering precipitated sulfur.

DISCUSSTION

In a previous paper (Luthy, et.al., 1977) initial observations on the
formation of thiocyanate from the cyanide-polysulfide aqueous reaction were
investigated. Those studies were preliminary batch test reactions and provided
only general information about the reaction rate. The present study was per-
formed in order to better understand the complexities of this system and to
increase knowledge about interactions between sulfur and cyanide chgmical
systems. The data presented here involves initial rate kinetic studies on the

cyanide~polysulfide reaction pathway and also entails observations on a
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small group of possible catalytic and inhibitory agents.

The initial rate Kkinetic data for the cyanide-polysulfide reaction showed
the reaction 1is mixed order and that the order decreases from 1.91 to 1.18 as
pH increases from 8.2 to 12.0. This is largely accounted for by a pronounced
decrease in the reaction rate with respect to cyanide as pH is increased above
the pKa for hydrogen cyanide. The rate constant for cyanide is observed to
decrease from 1.13 to 0.42 over the pH range from 8.2 toc 12. The specific
rate constant for the cyanide-polysulfide reaction decreases from 1,15 to 0.09
over this pH range. These f£indings show that cyanide-polysulfide reaction is
rapid, and that the reaction rate increases with pH.

Screening studies on the cyanide~thiosulfate reaction generally confirmed
the second order specific rate constant presented by Bartlett and Davis (1958).
The significance of the rates of reaction of cyanide with polysulfide and with
thiosulfate is shown in Figure 7 which compares predicted initial rates of
reaction of cyanide with polysulfide at pH of 8.2 and 12.0 with predicted rates
of reaction of cyanide with thiosulfate. These data show that the reaction rate
with polysulfide at pH of 8.2 is approximately three order of magnitudes <faster
than that with thiosulfate. Note also that the rate of reaction of cyanide with
polysulfide is sensitive to pH at low concentration levels of reactants.

These findings indicate that the cyanide-polysulfide reaction pathway can
dominate over the cyanide-—thiosulfate reaction pathway to form thiocyanate,
However, in a system initially containing cyanide and sulfide the thiocyanate
production kinetics must be viewed in light of sulfide oxygenation pathways. In
a system containing on the order of 10”3 M or more sulfide in a slightly alkalirne
solution, the sulfide oxygenation pathway as discussed in Figure 1 shouid prevail.

In this case polysulfide exists as a sulfide oxidation product, and results of
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this study show that as polysulfide is produced it can react rapidly to form
thiocyanate; If thiosulfate were the predominate sulfide oxidation product,
the production ef thioccyanate from cyanide would be greatly reduced.

Inhibition szud catalysis studies demonstrated the effect of various com-

2+

pounds on the cyanide-polysulfide reaction. Of the metal ions studied, Ca
Mgz+, N12+, and Zn2+ had the greatest catalytic effect at their lower concen-
tration, when larger concentrations were employed metal ions inhibited the
reaction rate slightly. Though these compounds had an effect on the reaction
rate, thelr effect was relatively small at the concentrations employed here.
Metals such as zinc, nickle, and copper can form complexes with cyanide and

it would be expected that extensive complexation would reduce the reactivity

of cyanide with polysulfide. The metal ion concentrations used in the catalytic-
inhibitory tests were on the order of a factor of twenty or less than the total
analytical concentration of cyanide., This may explain the relatively small
effect on reaction rate. Screening studies showed that complexed eyanides may
not Be reactive with polysulfide as no reaction was observed between poly~
sulfide and ferricyanide. This finding is consistent with Bartlett and Davis's
(1959) observation that ferricyanide or ferrocyanide ions do not attack ele-
mental (58) sulfur at a measurable rate.

The cyanide-polysulfide reaction was inhibited by approximately 50 to 80%
at pH of 8.2 in the presence of more than 2000 mg/% ammonia-nitrogen. Small
concentrations of ccal char fines also had an inhibitory effect, but at con-
centrations greater than several thousand mg/%, coal char fines had a pronounced
catalytic effect. This effect appears to be more pronounced for lower cyanide
concentrations. Phenol was the only soluble organic constituent investigated

and it showed little effect on the reaction of cyanide and polysulfide.
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Though not .evaluated here, the reaction of cyanide with thiosulfate is
expected to show a pH dependency. Equation (1) shows that, as pH is decreased,
thiosulfate equilibrium shifts to favor sulfite and sulfur (Latimer and Hilde-
brand, 1951; Chen and Morris, 1972a). In the presence of HS  this would

result in the formation of polysulfide as indicated by equation 1.

CONCLUSTONS

Procedures and data have been presented for the study of aqueous phase
formation of thiocyanate resuiting from interactions between cyanide and poly-
sulfide, and cyanide and thiosulfate. Experimental data were used to describe
the production of thiocyanate from polysulfide; 1t was found that the reaction
order decreases and rate Increases as pH 1s varied from 8.2 to 12. The rate
of production of thiocyanate from polysulfide is shown to be approximately three
orders of magnitude or more faster, depending on pH,than the rate of formation
of thiocyanate from thicsulfate.

These experiments have implications for describing quality changes which
may result when processing wastewaters containing sulfide and cyanide in the
pH range of 6.5 to 8. Upon exposure to oxygen, sulfide may be oxidized to poly-
sulfide if Si;t is on the order of 10“3M or more., This would cause reaction of
cyanide to form thiocyanate. Thus, cyanide would be converted from a highly
toxic and volatile compound to a relatively non-toxic, strongly ionic specie.
If it 1is desired to Process wastewaters for reuse, thiocyanate can present prob-
lems owing to its tendency to enter into corrosion and deposition reactions with

steel process units.
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