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Abstract

Manganese (Mn) is an important metal in producing a good quality steel, that the total Mn consumption
in this industry reaches 85 to 90%. Despite of this huge demand, Mn faces a shortage supply due to
depletion of high grade Mn ore. As an alternative, low grade manganese ore (LGMO) can be utilized to
fulfill the industry demand. The aim of this work is to determine the optimum condition of the reductive
leaching process of LGMO using Response Surface Methodology (RSM). The design of experiment
(DOE) was made using RSM by Central Composite Design (CCD) with 22 and 3 central points. In this
work, the effect of variables such as sulphuric acid concentration (X1) and weight of glucose (X2) were
examined. The experimental data obtained from Analysis of Variance (ANOVA) were analyzed.
Subsequently, the most significant variable was identified and fitted into a quadratic model. It is found
that the interaction between sulphuric acid concentration and amount of glucose (X1X2) is the most
important factor in manganese (Mn) extraction. The optimum leaching condition is obtained at 2.5 M
sulphuric acid concentration and 2 g weight of glucose at 60 minutes leaching time. Within this
experimental condition, a high level of Mn extraction ratio at 88.97% is achieved.
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Introduction

Positive growth in iron and steelmaking has caught an attention to recover manganese [1]. To
produce a good quality steel, manganese (Mn) is added to make the steel more resistance and
strength. To date, the Mn consumption in this industry reaches 85 to 90% of global Mn usage
[2]. Despite of its increment demand, Mn faces a shortage supply due to depletion of high grade
Mn ore [3]. As an alternative, low grade Mn ore (LGMO) has been utilized to fulfill industries
demand [4]. In this case, LGMO can be reduced using varieties of reducing agents such as oxalic
acid [5], hydrogen peroxide [6], sodium sulfide [7], carbohydrates [8] and biomass such as
cornstalk [9].

In addition, previous researchers have also investigated the leaching of LGMO using
glucose. Yet, none of them studied the optimization reductive leaching of LGMO using glucose
by Response Surface Methodology (RSM). For example, Trifoni [10] used glucose to reduce
Mn. However, the purpose of his work was to study the effects of alcohols on Mn extraction
using glucose. Meanwhile, Veglio and Nagib [11-12] did not focus on optimization by RSM.
They aimed on the influence of glucose on Mn leaching using factorial design. In 2004,
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Pagnanelli studied leaching of LGMO using nitric acid and glucose [13]. studied the
optimization of Mn extraction using glucose, but the Mn source was collected from sea nodules.

In contrast, this work was performed using sulphuric acid as lixiviant which is a
stronger acid compared to nitric. Other than that, Biswas [14]

Consequently, there still remains a need for an efficient method that can achieve an
optimum extraction of local manganese ore using statistical design method, response surface
methodology (RSM). Thus, this work comes out with the objective to determine the optimum
condition to leach local manganese ore in sulphuric acid using glucose through statistical design
method, Response Surface Methodology (RSM).

Materials and Methods

Materials

Manganese ore was collected from Pahang, Malaysia. The elemental analysis detected that the
ore is a LGMO which contains not more than 40% Mn [2]. Table 1 indicates the elemental
analysis result of LGMO.

Table 1: Elemental Composition of LGMO Sample

Element Mass (%0)
Al 2.79
Si 2.88
Mn 14.81
Fe 3.97

In addition, a XRD analysis conducted using a Siemens D5000 X-ray diffractometer
revealed that ore consists of pyrolusite, (Mn (IV) oxide), goethite and quartz [15]. The reference
pattern of the XRD was 98 006 2906 for pyrolusite, 98 003 4797 for goethite and 98 010 7202
for quartz. This revealed the ore is LGMO with Mn4+ ion. Figure 1 shows the LGMO XRD
pattern.
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Figure 1: XRD pattern of LGMO (P: pyrolusite, G: goethite and Q: quartz)
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The other raw material was glucose (D- glyceraldehydes, aldose) supplied from Merck
104074. Additionally, chemicals such as sulphuric and nitric acid were also supplied by Merck.
Meanwhile, preparation of stock solution and dilution for Inductive Couple Plasma (ICP) were
made using ultra pure water obtained from the Elga Ultra Pure System (Purelab Fiex 3, UK).

Reductive Leaching Procedure

The effect of variables, such as sulphuric acid concentration (X1) and weight of glucose (X2)
were studied using Response Surface Methodology (RSM) based on a Central Composite
Design (CCD). Factors used were 22 with 3 central points and o value was 1.414. Central points
are normally used to reduce error within experiment. Table 2 shows the experimental conditions
of this work.

Table 2: Control Factors and Their Levels in Reductive Leaching

Factor Level
Low (-1) Medium (0) High (+1) Star Point, o
- +a
X1, M 0.5 2.5 4.0 1.0 5.0
X2, 9 0.8 2.0 3.2 0.3 3.7

*X1 is sulphuric acid concentration, Xz is mass of glucose
The sequence of reductive leaching was carried out according to Design of Experiment

(DOE) set by Minitab (Response surface methodology by central composite design). Table 3
displays the sequence of reductive leaching.

Table 3: DOE of Reductive Leaching Using RSM

Std Order Run Order X1 (M) X2 (9)

7 1 2.5 0.3
6 2 5.0 2.0
5 3 0.5 2.0
2 4 4.0 0.8
4 5 4.0 3.2
11 6 2.5 2.0
10 7 2.5 2.0
3 8 1.0 3.2
9 9 2.5 2.0
8 10 2.5 3.7
1 11 1.0 0.8

Leaching process set up was slightly modified from Suhaina et al. [4]. Leaching
experiment was conducted in 250 mL three neck flask on stirring hot plate. 100 mL of sulphuric
acid solution was charged into the flask and the solution was stirred by magnetic stirrer. At 90
0C, 10 g of LGMO was added to perform a batch leaching process. Glucose at desired weight
was added into the solution. 5 mL of leach liquor sample was taken every 30 min., 60 min., 240
min and 480 min. The leach liquor was then filtered using syringe filter of Whatman, Kent, UK,
0.45 um (GMF- PTFE). The liquor was diluted with 10% HNO3 solution to avoid any kind of
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precipitation due to dilution. The identification of Mn recovery from the leached liquor solution
was identified by ICP — MS (Perkin Elmer 7300 DV).

Reagents and Standards Preparation for ICP Testing

ICP- MS calibration was prepared by 1000mg/L stock solutions (Merck, Darmstadt, Germany).
Reagents used were HNO3s and high purity water of 18.2MQ obtained from Elga Ultrapure
system, (Purelab Fiex 3, UK).

Sample Preparations for ICP Testing

Determination of total recovery analytes in leach liquor was determined by ICP. Leached liquor
was filters through 0.45um glass microfiber (GMF/PTFE) syringe filter (Whatman, Kent, UK).
The filtrate was acidified with HNO3 with micropipettes (Gilson, France) with disposable tips
and diluted as needed. Triplicate measurements were performed to determine precision. The
selected analytical wavelength was Mn — 257.610 nm.

Results and Discussion

Manganese Extraction
Mn extraction generally follows the leaching reaction below.

CsH1206 + 12MnO2 + 12H2504 = 12MnSO4 + 6CO2 + 12H,0

In this work, tetravalent Mn reacts with glucose in sulphuric acid media to produce a
maximum recovery of 6,344 ppm Mn2+. Figure 3 shows the overall extraction of Mn according
to DOE sequences. Mn extraction rose during the first 30 minutes. Slight increase was observed
at 30 minutes to 60 minutes. Beyond that, Mn extraction remained unchanged.
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Figure 3: Leach Mn extraction concentrations (ppm)

Roughly, reduction of Mn was rapid when high sulphuric acid concentration used
together with the high weight of glucose. The highest extraction of Mn was 88.97% when it was
leached using 2.5 M of sulphuric acid and 2 g weight of glucose at 60 minutes. The running
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order for this optimum was at 6th run. Table 4 implies the extraction of Mn for each run
experiments at 30 minutes until 480 minutes.

Table 4: Extraction of Mn during Each Run of Experiment

Mn Extraction (%)

Run Xi, Xz,

Order M0 ~35min  60min  240min 480 min
1 25 030 4266 40.68 3430 37.36
> 45 200 7330 81.84 81.35 82.00
3 05 200 5340 61.15 68.01 72.22
4 40 080  47.72 6153 72.60 77.79
5 40 320 8189 52.60 77.73 82.86
6 25 200 7130 88.97 86.78 83.07
7 25 200  66.66 70.65 69.90 77.35
8 10 320 77.79 57.15 68.66 37.75
9 25 200 77.25 85.67 81.67 83.30
10 25 370 8367 83.89 80.76 85.08
11 10 080 1516 36.80 47.68 24.04

The identifications of significant factor and interaction effect were made using
Analysis of Variance (ANOVA). The quadratic model relationship was significant at o = 0.05.
In addition for lack of fit, P >0.05 point out the model is in good fit. Table 5 tabulated the
ANOVA for this work.

Table 5: Mn Extraction ANOVA at (30, 60, 240 and 480) Min.

Source Hypothesis, P
30 min 60 min 240 min 480 min
Regression 0.01 0.17 0.04 0.20
Linear 0.032 0.076 0.035 0.23
X1 0.038 0.092 0.21 0.28
X2 0.015 0.035 0.013 0.10
Square 0.203 0.14 0.078 0.29
X1* X1 0.153 0.19 0.57 0.50
X2 * X2 0.148 0.068 0.031 0.13
Interaction 0.159 0.34 0.40 0.82
X1* X2 0.159 0.34 0.40 0.82
Lack of fit 0.22 0.29 0.54 0.02
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The extraction equations and models of Mn recovery are discussed at 30, 60, 240 and
480 minutes. At 30 minutes, the highest extraction was achieved at 80%. This happened when
high concentrations of H2SO4 and high weight of glucose were used. For example, at run (5),
about 4M H2SO4 was used together with high amount of glucose and at run (10) the
concentration reagent of H2SO4 was quite high (2.5M) and maximum weight of glucose was
utilized. Hence, only 30 minutes leaching rate was required due to extensive concentration of
H2S04 enhanced the leaching rate. Increasing H ion concentration in leaching reaction easily
generates soluble Mn2+ [16]. In addition, Mn tetravalent is stable in acid and alkaline oxidizing
conditions. The reduction of Mn tetravalent required a reducing agent [17-19]. Therefore, high
amount of glucose as reducing agent enhances the reduction of Mn tetravalent to divalent state
[14].

From the ANOVA results, a regression equation model can be expressed in order to
predict Mn extraction at 30 minutes, as shown in Equation 1.

Ywmn (%) = 0.19 + 0.04 M (sulphuric acid) + 0.02 g (glucose) + 0.15 M (sulphuric acid *
sulphuric acid) + 0.15 g (glucose *glucose) + 0.16 (sulphuric acid * glucose) (1)

Based on Equation 1, factors of sulphuric acid concentration and weight of glucose
both point out positive values. Therefore, increasing these factors will raise Mn extraction.
Generally, equation value will indicate the most significant factor to extract Mn ore. For
example, interactions between sulphuric acid and glucose have higher values in the equation
(0.16). This indicates that this interaction is the most significant factor to extract Mn ore.
Therefore, Mn extraction is influenced by the interaction of acid concentration and amount of
glucose. High concentration of sulphuric acid reacts with high weight of glucose will produce
high Mn extraction. Figure 4 displays the Mn extraction model at 30 minutes.
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Figure 4: Surface plot of Mn extraction at 30 min
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At 60 minutes, Mn extraction of up to 80% was achieved using 2.5M H2S04 and 2g
weight of glucose. The trend can be seen on run 6th, 9th and 10th. The extraction was constant
up until 240 minutes. At run 2, recovery also achieved 80% when using 4.5M H2S04 and 29
weight of glucose. As a recommendation, only 2.5M H2SO4 and 2g weight of glucose are
needed to extract Mn ore in 60 minutes. Equation 2 indicates extraction equation of Mn at 60
minutes and Equation 3 displays Mn extraction at 240 minutes.

YMn (%) = 0.4 + 0.09 M (sulphuric acid) + 0.09 g (glucose) + 0.04 M (sulphuric acid *
sulphuric acid) + 0.19 g (glucose *glucose) + 0.34 (sulphuric acid * glucose) 2

YMn (%) = 0.92 + 0.21 M (sulphuric acid) + 0.01 g (glucose) + 0.57 M (sulphuric acid *
sulphuric acid) + 0.03 g (glucose *glucose) + 0.4 (sulphuric acid * glucose) (3)

Coherently, Equation 2 and 3 express increasing sulphuric acid concentration and
weight of glucose will raise LGMO reduction. The equation also indicates that the most
important factor to reduce LGMO at 60 and 240 minutes was the interaction between sulphuric
acid and glucose. Although the interaction between sulphuric acid was highest in 240 minutes,
the interaction of sulphuric acid and glucose was actually quite high in Equation 3. Therefore,
it can be stated the interaction of sulphuric acid and glucose was a significant factor to produce

better Mn extraction. Figure 5 and 6 present the surface plots of Mn extraction at 60 and 240
minutes.

Glucose (g)

(%) UonYeNXd U

Figure 5: Surface plot of Mn extraction at 60 minutes

Overall, almost all run using more than 2.5M H2SO4 together with 2g weight of
glucose achieved 75% Mn extraction leached up until 480 minutes. However, reaction with low
sulphuric acid reacted with low weight of glucose to produce insignificant Mn extraction. For
example, at 1st run 2.5M H2S04 reacted with low glucose to generate only 37.36% extraction
up until 480 minutes. Equation 4 specifies the Mn extraction at 480 minutes.
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Figure 6: Surface plot of Mn extraction at 240 minutes

YMn (%) = 0.65 + 0.28 M (sulphuric acid) + 0.1 g (glucose) + 0.5 M (sulphuric acid *
sulphuric acid) + 0.13 g (glucose *glucose) + 0.82 (sulphuric acid * glucose) 4)

Accordingly, the interaction between sulphuric acid and glucose was most significant
in Equation 4. Therefore, the most influencing factor to extract Mn ore was the interaction

between sulphuric acid and glucose. Figure 7 demonstrates the model of LGMO extraction at
480 minutes.
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Figure 7: Surface plot of Mn extraction at 480 minutes

The accuracy of above models was measured using the standard deviations. Table 6

expresses the R2 for these models. The accuracy of these models was quite accurate with all
models had R2 more than 65%.
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Table 6: Mn Extraction Standard Deviation

Leaching time R? (%)

30 min 91.64

60 min 71.16

240 min 85.04

480 min 69.14
Conclusions

The reductive leaching of local LGMO was successfully performed using glucose as a reductant
in sulphuric acid. The optimum extraction of manganese was achieved when leaching was done
with high concentration of sulphuric acid and high amount of glucose loading. The best LGMO
reduction was 88.97% obtained at 2.5 M sulphuric acid concentration and 2g weight of glucose
during 60 minutes leaching time. Based on ANOVA, the most significant factor was interaction
between sulphuric acid and weight of glucose to extract LGMO.
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