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In this study we investigated the production of soluble iron and chromium sulfate complexes from high
carbon ferrochromium alloy (Fe-Cr-HC) for utilization as a tanning agent. The temperature, sulfuric acid
concentration, and the reaction time between Fe-Cr-HC and sulfuric acid were selected as independent
variables for iron and chromium conversion. A quadratic response surface model was adjusted using the
Box-Behnken statistical experimental design technique. The results obtained by solving multi-objective
optimization problem have shown about 98.6-100% Cr and 86.9-89.1% Fe conversions. Perchloric acid
and ammonium sulfate additions were investigated in order to determine the system limitations. The
results have showed that an increase of perchloric acid concentration decreased the quantity of solu-
ble chromium and iron compounds, while an ammonium sulfate addition improved the conversion of

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Basic chromium sulfate (trivalent) is the most utilized tan-
ning agent for hide stabilization against microbial degradation.
Its application provides great versatility of the leather, excellent
chemical properties and hydrothermal stability among oth-
ers. However, chromium is considered to be very harmful for
living cells, and may cause cancer [1,2] and cell death [3].
Chromium(IIIl) species are potentially dangerous because can be
metabolized in the living organisms to more toxic hexavalent form
[2,4].

During the tanning process, huge amount of wastewaters,
sludge and solid residues containing chromium(IIl) is produced
[5,6]. In specific environmental conditions chromium(IIl) can be
converted to chromium(VI)[7,8]. During normal tanning operation,
the exhaustion of chromium is between 40% and 70% only. It means
that the development of chromium high exhaustion systems and
methods for its recovery and reuse [9,10] is an important environ-
mental issue for minimization of wastewater and sludge pollution.
A thermal treatment of solid wastes has been successfully applied
[11,12] where chromium was recovered from ash [13-15].

A possible solution for chromium pollution from tannery wastes
is to develop new tanning agents (mineral and organic) producing
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leathers with similar to the wet blue properties. This alternative has
also been a subject of several studies (see the review of Sreeram and
Ramasami [9]).

Applying the principal of analogy from iron-protein combi-
nation in the nature, iron has been considered as an effective
mineral-tanning agent [16,17].Iron is less toxic than chromium and
when used with natural materials (as vegetable tannins) acting like
mordant, generates natural colors, which could substitute for the
synthetic azo dyes [18,19]. Azo dyes represent the most of dye mar-
ket [19] despite of being a serious hazard for the environment and
human health [20]. Iron-tetrakis (hydroxymethyl) phosphonium
(THP) complex has also been proven to be an effective tanning agent
[21]. Fathima et al. [22] reported the use of Fe-THP complex for
stabilization of type I collagen and achievement of shrinkage and
denaturation at 95°C. The enzymatic stability of Fe-THP treated
collagen was reported to be 2% during 72 h of incubation time and
given operational conditions such as: 20:1 collagen:enzyme ratio
at 37°C[22].

Tavani and Lacour [23] investigated the production of iron(III)
tanning salt from iron(Ill) sulfate heptahydrate from the waste of
a titanium recovery process. The authors utilized cream of tartar
(C4H506K) to form soluble complexes with iron(III). The produc-
tion of this salt with a good quality is achieved by applying spray
drying (rapid drying) downstream process at low temperature.
The quality was controlled by a residual hydration of salt for pro-
longed period of time and formation of iron(Il) compounds [23].
A strategy to avoid unsuitable stability is based on an imme-
diate utilization of salts during the tanning process. Tavani and
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Table 1

Composition of Fe-Cr-HC alloy used in the experiments (wt%).
Cr Fe? C Si Ti P S
52.4 36.2 7.4 3.7 0.23 0.028 0.028

a By difference.

Lacour [23] obtained wet brown leather at shrinking temperature
of 86°C.

Due to the inherent disadvantages of the process when only iron
salts were used (because of the iron salt stability), a partial replace-
ment of chromium (i.e. less-chrome process) in tanning industry
was developed. Rao et al. [24] proposed a process for preparation of
chromium-iron complex which was used in leather industry. This
process involves the following steps: (1) mixing the iron salt with
chromium(VI)in water, addition of sulfuric acid, reducing agent and
organic ligand (operational conditions: temperature range from 85
to 105°C; process time 8-12 h; pH in the range from 2.5 to 2.8). (2)
Second step includes conventional drying.

The properties of chromium-iron complexes-treated skins
were reported by different authors as follows: shrinkage tem-
perature=115°C [19], or 110°C [17]; exhaustion bath for
chromium=92% [17] or 94% [17]; and 91% for iron [19]; spent
tan liquor =300 ppm Cr and 260 ppm Fe [19], 876 ppm Cr [17]. For
the other physical-chemical characteristics, no significant differ-
ences were observed. This result seems to be very promising when
compared with the one obtain with basic chromium sulfate (BCS)
and iron salts (IS): shrinkage temperature=BCS 113°C [17], BCS
116°C[25],BCS-THP 109°C [26], IS-THP 95°C [22],IS86°C[23],IS
75 °C (cited by [19]); exhaustion bath =BCS 65% for chromium [25],
BCS-THP 89% for chromium [26], 35% for iron (cited by [19]); spent
tan liquor=3000 ppm Cr [25], and 14,000 ppm Fe (cited by [19]).

In this work we developed a method for production of sol-
uble iron and chromium sulfate complex from high carbon
ferrochromium alloy (Fe-Cr-HC). The utilization of Fe-Cr-HC for
production of tanning agent has advantage to avoid the step of
formation of hexavalent chromium in the management cycle. The
reaction was studied through a Box-Behnken experimental design
[27,28] for the following independent variables: temperature of the
process, sulfuric acid concentration and reaction time. A quadratic
response surface model for conversion of iron and chromium was
obtained.

For verification of the reaction limiting conditions, the addi-
tions of perchloric acid and ammonium sulfate were studied. These
compounds were chosen because they have different influence on
the reaction system behavior. The action of perchloric acid is con-
nected to the breakage of the links between alloy atoms [29], while
the ammonium sulfate increases the solubility of reaction products
[30].

2. Experimental set-up
2.1. Materials and experimental procedure

The experiments were performed with commercial high carbon
ferrochromium alloy (Fe-Cr-HC). The composition of Fe-Cr-HC
used in the lixiviation experiments is shown in Table 1. Other
reagents used in experiments were: solutions of sulfuric acid, per-
chloric acid (assay 70%) and ammonium sulfate ((NH4),S04) with
99% purity.

The experimental apparatus (leaching equipment) consisted of
a glass vessel (1L) placed in a hot plate with magnetic stirrer. The
vesselincluded 3 ports: for the thermometer, the condenser (cooled
with water) and the sample placement. The condenser was used
to keep constant concentration of acid solution by condensing the
water vapor back to the reactor vessel.

Table 2
Values of the three levels of the independent variables (factors) investigated in
linearly-deformed Box-Benhken design.

Factor Level

-1 0 +1
t(h) 1 2 3
C(wt%) 60
T(°C) 110 130 150
C(wt%) 75
T(°C) 130 150 170
C(wt%) 90
T(°C) 150 170 190

Ferrochromium alloy (5g) with 62 wm size (pass of sieve
250 mesh Tyler) was used. During the experiments, the initial
solid/liquid ratio was kept 1/25 g of Fe-Cr-HC/ml H,SO,4 solution.
A high agitation velocity was maintained during the process time
in order to ensure good mixing.

The experimental procedure was as follows: 125 ml of sulfuric
acid solution (and perchloric acid, when used) were placed in a glass
vessel with control heating. When the solution reached the desired
temperature, 5¢g of Fe—-Cr-HC and (NH4),SO4 (when used) were
added into the vessel and the start of the process time was set-up. At
the end of the pre-established reaction time, the heating was turned
off and the glass vessel was cooled down. The obtained solution
was diluted and filtered using filter paper (25 wm medium size of
pores). The filter residue was washed with hot distilled water and
the total solution was diluted to a desired volume. Samples taken
from the final solution were analyzed to quantify the Cr and Fe
using graphite furnace atomic absorption spectrometry (GF-AAS).

The response variables were the conversion of iron and
chromium from the Fe-Cr-HC alloy to soluble iron and chromium
sulfates (Xge and X¢, respectively).

2.2. Box-Behnken surface response design

Initially, the reaction between Fe-Cr-HC alloy and sulfuric acid
was studied in three-variable Box-Behnken experimental design
described by Dean and Voss [31]. This experimental project was
deformed linearly in the concentration-temperature plane space
and was adopted to run the process at atmospheric pressure con-
ditions. The investigated variables in this part were: H,SO4 mass
concentration in leaching solution (C), temperature (T) and reaction
time (t).

To predict the responses (Xc; and Xge) of the experimental
Box-Behnken design, a quadratic response surface model (see Eq.
(1)) was proposed. In Table 2, the chosen three levels of variables
C Tand t are shown.

X;de = blo + bl1 Cc + biZTC + bi3tc + bilZCCTC + bli3cctc + bi23TctC
i (2 pi T2 o pi 42
+b31C¢ + by, T¢ + b35te (1)
where: XimOd is the predicted conversion (%) of “ith” specie (i=Cr,

Fe)in Fe-Cr-HC for soluble sulfate compounds; bj’: (j=0,1,2,3)isthe

parameter of linear effect of “jth” factor; b;d (kand =1, 2, 3; kl=1k)
is the quadratic effect parameter of “kth” factor when k=1, and the
interaction effect parameter of “kth” and “Ist” factor of model when
k # 1; Cc, Tc and t¢ are the coded factors (independent variables) of
the model, represented by Eqgs. (2), (3) and (4), respectively.

C-Go
Cc= AC (2)
T-Ty C-G

Te==AT ~Ac (3)
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t—to
fe=—%; (4)
where: Co=75wt%, Tp=150°C and ty=2h is the central point of
experimental region; AC=15wt%, AT=20°C and At=1h are the
intervals between levels of variables.

The total number of experiments required for surface response
of three-variables Box-Behnken design was 15, including triplicate
at the central point.

The model parameters were estimated by applying the general
solution.

2.3. Statistical analysis

For evaluation of the predictive power of the proposed models,
the coefficient of determination (R?) and the adjusted coefficient of
determination (R2 adjusted) Were calculated (Egs. (5) and (6), respec-
tively).

n

d _ yexpy2
> et )

R2=1- RSSmod -1 = ®)
SSGXP - eXx| Y 2
Z(Xi P — Xexp)
i=1
" n—1"Y\ RSSy0a
Ridjustea = 1 = (n - np) ﬁ X

where: RSSp,0q is the residual sum square of the model; SSex; is the
total sum of squares; n is the number of performed experiments;

Xmod js the predicted value of conversion for “ith” experiment; X;*?

is the experimental value of conversion for “ith” experiment; Xexp
is the mean of experimental results; np is the number of model
parameters.

To verify the adequacy of the models we applied the F-test,
comparing a variance associated with the model (between groups)
with a variance associated with the experimental data (within the
group). The null hypothesis assumes that the model variance is
comparable to the experimental variance, so the model will be ade-
quate. The value of F for comparison with the critical (tabulated)
value is given by Eq. (7).

/

_ Varpmeg  RSSpmod
" Varexp n-np

RSSexp
nr(r—1)

Fo (7)
where: Varp,q is the variance of the model; Vareyp is the exper-
imental variance (considered constant and determined at the
central point of experimental region); RSSexp is the sum of square
residuals associated with the experimental data (see Eq. (8)); nr=1
is the number of points that replicated the experiments; r=3 is the
number of repetitions.

nr r
— 2
Rssexp = Z Z(X,fj(jp —XEXP) (8)
k=1 | j=1

In Eq. (8): X,f’;p is the experimental value of conversion at “kth”

. o <€xXp . .
point, where repetitions occurs; X),~ is the mean of repetitions at
“kth” experimental point.

The t-test was utilized to determine how significantly the
parameter was different from zero (note—the null hypothesis con-
siders the parameter values zero). The variance associated with the
parameter is represented by the main diagonal of the parameter
covariance matrix. Thus, some parameters were discharged from
the model after analyzing the covariance matrix.

For models’ comparison (initial model and the model with dis-
charged parameters), the F-test was applied. The obtained value of
F for comparison with the critical (tabulated) value is given by Eq.

Table 3
Control experiments with/without perchloric acid addition (t=2h and C=75 wt%).
Run T(°C) Rea?
PA1 170 0
PA2 170 1/4
PA3 170 1/2
PA4 140 0
PA5 140 1/4
PA6 140 1/2

2 ml of HClO4 70%/g of Fe-Cr-C alloy.

(9). The null hypothesis assumes that a variance associated with the
generic models “B” and “A” (variability between groups), is com-
parable to the variance associated with the model “B” (variability
within the group). Model “B” includes more parameters than the
model “A”. Hence, if the null hypothesis is true, the model “B” will
not be more adequate than the model “A”.

Varmoda_B RSSA — RSSp RSSg
Fo= = /

Varmods npg — NPa n—npg
where: RSSy is the residual sum square of model “k”; npj is the
number of parameters of model “k”.

By adapting this methodology to our case, we were able to
compare the models’ quality—before and after the application of
parameter significance test.

(9)

2.4. Process optimization

For maximization of chromium and iron conversion, the multi-
objective optimization problem has been transformed to scalar
optimization problem by weighted sum method. The resulting
objective function is given by Eq. (10).

Fobj = WCngerd +(1- WCr)XIE*EOd (10)

where: Fyp; is the objective function value; wc, is the “weight”
adopted for chromium conversion.

The trust-region-reflective algorithm (a subspace trust-region
method based on the interior-reflective Newton method) described
in [32] was used for maximization of the objective function.

2.5. Effect of perchloric acid and ammonium sulfate addition

During the independent set of experiments, the effect of addi-
tion of ammonium sulfate ((NH4)>,SO4) (Ras) and perchloric acid
(HClO4) (Rpa) into the reaction system was studied. HCIO4 was uti-
lized to improve the reaction rate due to its high oxidative potential
and high acid power [29,33]. In other hand, (NH4),SO4 was used to
increase the solubility of chromium and iron sulfates [30,34]. The
investigation of these variables helped to determine the process
limitation: more particularly in what extend H,SO4 solution oxi-
dized chromium and iron, and how much of them precipitated as
anhydrous iron(Il) or chromium(III) sulfate (verified by [29]), or in
what range of concentrations the oxidative potential of this acid
solution was insufficient to complete the reaction.

The quantities of HClO,4 utilized during the experiments were
represented by Rpp ratio. More particularly, they were defined by
the ratio of HClIO4 and Fe-Cr-HC. Additional six control exper-
iments were performed. Two of them were designed without
addition of HClO4, and the other four were executed with differ-
ent ratios such as—0.25 and 0.5 ml of HClIO4 70%/g of Fe-Cr-HC
(see Table 3). The operational conditions were as follows: t=2h,
C=75wt¥%; and the process temperatures were set-up at two levels
140°Cand 170°C.

The (NH,4),SO4 quantities were represented by Ras. The Rag ratio
was determined taking into account the stoichiometry of formation
of ammonium chrome alum (NH4Cr(SO4),-12H,0) according to the
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Table 4

Experiments with/without ammonium sulfate addition (t=2h).
Run T(°C) C(wt%) Ras?

10 150 60 —100.0

AS1 150 60 0
AS2 150 60 80.4
AS3 150 60 170.6
AS4 170 75 —100.0
AS5 170 75 0
AS6 170 75 80.4
AS7 170 75 170.6

2 % of excess of ammonium sulfate in relation to the stoichiometric amount.

non-equilibrium reaction (see Eq. (11)). Hence, the calculated sto-
ichiometric amount of Rys was equal to 0.6651 g (NH4),SO4 per g
Fe-Cr-HC.

(0]
2Cr + 3H,504 + (NH4),504 29 2NH,Cr(S04), - 12H,0 + 3H, (1)

To study the effect of ammonium sulfate addition, seven exper-
iments were designed (see Table 4). Note: The experiments with
Ras =—100% corresponded to no addition of (NH4),;SO4. The exper-
iments were performed for the following quantities of (NH4),SO04
addition: 0% (stoichiometric amount), 80.4% and 170.6% excess of
ammonium sulfate. The operational conditions were determined as
follows: process time =2 h; temperature - 150 °Cand 60 wt% H,SO4
solution; temperature - 170°C and 75 wt% H,SO4 solution.

3. Results and discussion

The results obtained during this study are summarized in two
parts: First part shows the response surface methodology for the
chosen independent variables (temperature (T), HSO4 mass con-
centration on leaching solution (C) and time of reaction (t)), models
validation and process optimization. Second part presents the
effects of perchloric acid and ammonium sulfate additions on the
reaction system.

3.1. Box-Behnken quadratic response surface

The experimental and simulated results obtained using
Box-Behnken design are shown in Table 5.

The experimental variance was considered uniform with no-
correlated experiments; its value was obtained on the basis of three
replicates performed at the central point of experimental region
(levels 0, 0, 0 of coded factors). The experimental confidential inter-
val (98% significant level) calculated (normal test) was +7.2% for Fe
conversion and +£4.9% for Cr conversion.

Initially, the general solution of linear parameter model (includ-
ing 10 parameters, see Eq. (1)) was applied and the adequacy of
the model was tested by F-test (Eq. (7) see values in Table 6).
Further, t-test has been applied (98% significant level) on model
parameters to estimate their validity. The null hypothesis consid-
ered the parameters’ value equal to zero. The variance associated
with each parameter was determined by calculation of parameter
covariance matrix and its main diagonal. Hence, only parameters
significantly different from zero were reconsidered. The adequacy

Table 5
Experimental and simulated results in Box-Benhken design.
Run t(h)? T(°C)? C (%) Experimental® Fitted®
Xre (%) Xer (%) Xre (%) Xer (%)
1 1(-1) 130(-1) 75 (0) 74.2 71.4 772 +£9.6 72.5 + 8.1
2 3(+1) 130(-1) 75(0) 754 68.2 772 £9.6 76.8 £ 8.1
3 3(+1) 170 (+1) 75 (0) 73.7 90.0 772 £ 9.6 889 + 8.1
4 1(-1) 170 (+1) 75 (0) 78.6 69.0 772 +£9.6 60.4 + 8.1
5 1(-1) 130(0) 60 (-1) 63.9 53.8 69.3 £11.0 56.5 + 8.1
6 3(+1) 130(0) 60(-1) 823 98.9 86.6 + 11.0 95.2 £ 8.1
7 3(+1) 170 (0) 90 (+1) 59.1 75.5 57.1 +£11.0 72.8 + 8.1
8 1(-1) 170 (0) 90 (+1) 75.4 74.1 744 +£11.0 789 + 8.1
9 2(0) 110 (-1) 60(-1) 72.3 69.2 64.6 + 11.0 66.3 +£7.8
10 2(0) 150 (+1) 60 (-1) 79.9 74.2 779 £ 11.0 84.0 +£ 7.8
11 2(0) 190 (+1) 90 (+1) 48.1 63.3 52.4 +11.0 66.3 + 7.8
12 2(0) 150 (-1) 90 (+1) 67.0 93.7 65.7 £11.0 840+ 78
13 2(0) 150 (0) 75 (0) 83.2 87.3
14 2(0) 150 (0) 75 (0) 85.8 89.9 83.9+9.7 89.6 + 7.3
15 2(0) 150 (0) 75(0) 89.4 91.5
2 Numbers in parentheses indicate the correspondent level of independent variables.
b Confidence interval of +4.9 for Cr and +7.2 for Fe (normal test).
¢ Confidence interval calculated by t-test.
Table 6
ANOVA table: F-test for the studied models.
Groups Variability between groups Variability within group “B” F-test values Model prediction quality
A? B? Sum of squares Degrees of freedom Sum of squares Degrees of freedom Fo Feritic? R? R?,4;
Iron
10P Exp 129 5 19 2 2.7 493 0921 0.780
6P Exp 197 9 19 2 23 49.4 0.880 0.813
6P 10P 68 4 129 5 0.7 8.2 - -
Chromium
0P Exp 410 5 9.0 2 18 49 0.830 0.525
8P Exp 426 7 9.0 2 14 49 0.824 0.648
8P 10P 16 2 410 5 0.09 9.45 - -

2 Exp: experimental; 10 P: model with 10 parameters; 8 P: model with 8 parameters; 6 P: model with 6 parameters.

b Critical values of F-test with 98% level of significance.
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Table 7
Simplified quadratic models with evaluated values of significant parameters for Cr
and Fe.

Parameter i=Cr i=Fe

Value + Var? Value + Var?
b{) 89.6+3.7 83.9+4.2
b"l - -6.10+£3.11
b! - -
bi 8.18+2.25 -
b"12 -8.85+3.18 —6.63+4.39
b"13 -11.2+£3.2 -8.68+4.39
b, 6.05+3.18 -
b"11 -6.63+3.31 -12.0+4.6
b;z -7.83+3.31 —6.72+4.56
bg3 -7.08+£3.31 -
R? 0.824 0.880
R?,. 0.648 0.813

2 Confidence interval calculated by t-test.

of the obtained new model was tested by applying F-test (see
Table 6 and Eq. (7)). In addition, the F-test was applied for com-
parison of the initial and simplified models (see Table 6, where Eq.
(8) was used). In Table 6, the predictive quality of models repre-
sented by R? (Eq. (5)) and R?,gjustea (EQ. (6)) values is shown, as
well.

Analyzing the results presented in Table 6, one can conclude that
models with 8 and 6 parameters were adequate for prediction of
chromium and iron conversions, respectively. The parameters sig-
nificantly different from zero are shown in Table 7. The confidence
interval for each parameter has been calculated using t-test (98%
significant level) as mentioned above.

The confidence interval of model parameters, shown in Table 5,
was based on t-test with variance obtained from the main diagonal
of error-predicted covariance matrix.

Analyzing the results obtained from chromium conversion
model (see Table 7), the linear effect between the parameters
associated with factors C (concentration of sulfuric acid) and T
(temperature) was insignificant. However, the interaction and the
quadratic effects were significant. The obtained response surface
results for Cr conversion are shown in Fig. 1.

Table 7 also contains the significant parameter values of iron
conversion model. Parameters associated with linear effect of T
(temperature), process t (time), interaction effect of this factors,
and quadratic effect of factor “t” were insignificant. Fig. 2 shows
the response surfaces obtained for Fe conversions.

Figs. 3 and 4 present the results obtained from chromium
and iron conversion models, respectively, when two-dimensional
graph is used. In Fig. 3(a) one can observe that an increase of tem-
perature and the process time reflects in a significant increase
of the Cr conversion (applying 60wt% of sulfuric acid concen-
tration) until maximum conversion. Fig. 4(a) presents the same
tendency for Fe conversion when applying same concentration
of sulfuric acid. For sulfuric acid concentration of 75wt%, (see
Fig. 3(b)), an increase of conversion can be observed for the follow-
ing conditions—temperature between 140 and 160 °C, and process
time between 1 and 3 h. For process duration above 3 h conver-
sion level decreases. The iron conversion model presents does not
depend on process time between 1 and 3 h for 75 wt% H,SO4 (see
Fig. 4(b)); the temperature increase up to 150°C causes a slight
increase of Fe conversion, and above this value the conversion
return to its previous levels. For C=90 wt% H,SO4 (see Fig. 3(c)), the
time increase as well as temperature increase above 170 °C tends to
decrease the chromium conversion. The prediction of iron conver-
sion model for 90 wt% H,S0O,4 concentration and all applied process
times (see Fig. 4(c)) shows that for temperature values above 170°C
a reduction of Cr conversion is observed.

The phenomenon associated with decreasing of the conversions
when the control variables (process time, temperature and H,SO4
concentration) were above their optimal values can be explained
by a formation of low stoichiometric hydrated sulfates (anhydrous
sulfates), which were also reported by Vardar et al. [29]. In addition,
when higher sulfuric acid concentration was applied, an effect of
decreasing of the acid activity may occur, as reported by Robertson
and Dunford [35].
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Fig. 1. Chromium conversion response surfaces as a function of: (a) process time
and temperature, for 75wt% H,SO4 concentration; (b) H,SO4 concentration and
temperature for process time =2h; (c) H,SO4 concentration and process time, for
temperature at level zero of coded variable (T=50+1.33C).
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For maximization of Cr and Fe conversions, a scalar optimiza-
tion method presented by Eq. (10) was utilized. Table 8 shows
the optimal parameters’ values (C, T and t) in respect to the
obtained conversions and objective function value as a function
of “chromium weight”. The operational parameters did not vary
significantly (C=60.0-64.3 wt%, T=143-149°C,t=3.00h) as a func-
tion of “chromium weight” variation in the range from 0 to 1.
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Fig. 3. Chromium conversion vs. temperature for process times of 1.0, 1.5, 2.0, 2.5
and 3.0 h and for different sulfuric acid concentrations: (a) 60 wt%; (b) 75 wt%; (c)
90 wt.

The conversions at maximum points were about 98.6-100% for
Cr and 86.9-89.1% for Fe. The obtained results suggested that
the Cr is leached in a higher proportion than Fe. It must be
noticed that the anhydrous sulfates formation effect was out of
consideration.
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Fig.4. Iron conversion vs. temperature for process times of 1.0, 1.5, 2.0,2.5and 3.0 h
and for different sulfuric acid concentrations: (a) 60 wt%; (b) 75 wt%; (c) 90 wt%.

3.2. Effect of perchloric acid and ammonium sulfate addition

Independent runs of experiments were designed in order to
study the effect of perchloric acid (HCIO4) and ammonium sul-
fate ((NH,4),SO4) additions. The HClO,4 addition increased the acid

Table 8
Optimization results for C, T and t factors connected with Cr and Fe conversion,
respectively and the objective function value vs. “chromium weight” values.

Wer C(wt) T(°C) t(h) Xcr (%) Xre (%) Fob;

0.0 64.3 143 3.00 98.6 89.1 89.1
0.1 63.7 143 3.00 99.3 89.1 90.1
0.2 63.0 144 3.00 100.0 89.0 91.2
0.3 62.1 144 3.00 100.6 88.8 92.3
0.4 61.1 145 3.00 101.3 88.4 93.6
0.5 60.0 145 3.00 102.0 87.9 94.9
0.6 60.0 146 3.00 102.1 87.7 96.3
0.7 60.0 147 3.00 102.2 87.5 97.8
0.8 60.0 147 3.00 102.3 87.3 99.3
0.9 60.0 148 3.00 102.3 87.1 100.8
1.0 60.0 149 3.00 102.3 86.9 102.3

power of reaction solution, and as a result the links in the Fe-Cr-HC
alloy were broken. On the other hand, the utilization of (NH4),SO4
influenced the behavior of the reaction system by decreasing the
quantities of anhydrous sulfates which resulted in formation of
ammonium alum with iron(Ill) or chromium(IIl) compounds.

The operational conditions of perchloric acid addition study
were as follows: process time=2h and 75wt% concentration of
sulfuric acid solution. The process temperatures were determined
as 140 and 170°C. The Rpa independent variable was changed by
increments of 0.25 in the range from zero to 0.5 ml of 70% HCIO4/g
of Fe-Cr-HC. The obtained results are shown in Fig. 5.

Fig. 5 shows a decrease of soluble chromium and iron conver-
sions, most probably due to a formation of chromium and iron
anhydrous sulfates (insoluble) in the presence of high oxidative
power of perchloric acid. Such a formation of insoluble chromium
compounds was also observed in the work of Vardar et al. [29]
where similar system was studied.

The effect of the ammonium sulfate was studied through
the wvariation of Rsy (150°C/60wt% and 170°C/75wt%
of H,SO4 solutions) independent variable during the 2h
process time. Control experiments with no addition of
(NH4)2S04 (—100% excess) were performed, together with
experiments involving different stoichiometric amounts of
(NH4)2S04 in order to achieve 0%, 80.4% and 170.6% excess of
chromium-ammonium alum. Fig. 6 shows the results from these
experiments.

100 T T T T T T T T

90 —6— Iron, 170°C
Iron, 140°C
—#— Chromium, 170°C
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Conversion (%)

L L 4 s L L ' '
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Fig. 5. Chromium and iron conversions as a function of perchloric acid addition for
the given operational conditions: t=2h, C=75wt%, T=140 and 170°C.
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Fig. 6. Chromium and iron conversions vs. (NH4 ),SO4 addition for the given condi-
tions: t=2h. T=150°C/C=60wt% and T=170°C/C=75 wt%.

Analysis of Fig. 6 showed that the addition of (NH4);SO4 con-
tributed for the solubilization of chromium compounds. For the
given conditions of 170°C, 75wt% H,SO4 solution, and addition
of stoichiometric amount of (NH4),SO4 (0.665 g/g Fe-Cr-HC), the
conversion of soluble chromium compounds was approximately
100%. In view of the confidence experimental interval for iron con-
version (£7.2%), it was concluded that the presence of ammonium
sulfate had no effect on the Fe conversion. Hence, the obtained
results proved the hypothesis that the chromium no-conversion
part included low stoichiometric hydrated sulfates.

4. Conclusions

This study proposed an effective method for production of sol-
uble iron and chromium sulfate complex (tanning agent), which
can be obtained from high carbon ferrochromium alloy. The non-
equilibrium chemical reaction between Fe-Cr-HC and sulfuric
acid was studied by applying the Box-Behnken experimental
design for the following chosen factors: temperature, sulfuric acid
concentration, and process time. The quadratic response surface
methodology helped to find the optimal conditions for maxi-
mization of iron and chromium conversions: C=60.0-64.3 wt%,
T=143-149°C, t=3.00 h. For the given range of operational param-
eters, the maximum Cr and Fe conversions were 98.6-100% and
86.9-89.1%, respectively. The obtained results suggested that the
Cr is leached in a higher proportion than Fe. The addition of
perchloric acid into the reaction system decreased the quantity
of soluble chromium and iron compounds because of the anhy-
drous sulfates formation. An increase of chromium conversion was
observed during the experiments with ammonium sulfate addition
most probably due to a formation of soluble chromium-ammonium
alum.
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