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Abstract  
We studied on the methods involving the recovery of chromate salt from COPR, the sequential 

detoxification of COPR and the reclamation of the detoxified COPR. The results of leaching experiments 

showed that it is possible to recover Cr (VI) existed in COPR using an inexpensive method, in which ca. 

84% of Cr (VI) extraction rate could be under the following condition; seawater as leaching solution, 25% 

of solid content, leaching period of 30min, intermittent agitation, gravitational sedimentation as 

solid/liquid separating mode, repetition number of up 5. Cr (VI) contained in leaching liquor was 

recovered as chrome yellow, followed by recirculating the Cr (VI)-depleted supernatant to the leaching 

process. For the detoxification of post-leach COPR (plCOPR), plCOPR was mixed with sodium sulfide as 

a single reductant in a mixer and was discharged from the mixer without retention time for reduction. Cr 

(VI) content in the mixture became lower than cleanup criteria by US EPA with the Na2S/Cr (VI) mass 

ratio of 6 at the reaction time of 36h. Also, the results of the experiment with the detoxified plCOPR as a 

substitution for sand in fabricating clay brick shows that acceptable compression strength (52N/mm2) is 

obtained when the detoxified COPR accounts for '30% in raw material mixture, with the Cr (VI) content of 

0.5mglkg-bricks below cleanup criteria by US EPA  
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1. Introduction  
COPR is a kind of alkaline solid waste derived in the production of chromate by roasting lime, having 

high Cr (VJ) content and alkalinity (J, 9) and not only millions of tons of COPR were deposited in parts of 

the world, but also COPR has been still generated (9). Hexavalent chromium (Cr (VI)) was released to the 



 

environment, causing serious environmental pollution (2, 3) and tremendous diseases including cancer (4), 

ulceration and dermatitis (5), etc.  

COPR was composed of a number of mineral phases, in which Cr(VI) is mainly bound in inner and  

outer surface of mineral in a manner of electrostatic attraction and ion exchange (6, J O, 11). Cr(VI) existed 

in COPR is able to be exchanged with other anions including S04
2

-(6, 7, 12, 16). Therefore, we have 

designed the cost-effective leaching strategy of Cr(VI) from COPR by using the seawater containing 

considerable amount of anions.  

After leaching of Cr(VI) from COPR, it needs to be detoxified for minor remaining Cr(VI) in plCOPR. 

In detoxification of COPR, diverse reduction agents could be used, in which S-species (14-16) and Fe-

species (17-19) have been commonly used because it is low in price and easy to purchase. Among them, 

Na2S is in more frequent use as a reductant because of the relatively higher capacity of reduction in 

alkaline pH than others (9, 12, 17). If there should be no influence of Cr upon reduction reaction of Cr(VI) 

by Na2S, it would be possible to detoxify the plCOPR containing seawater based on this reaction. In 

addition, there would be room for saving the utilization time of the equipment, if the detoxification of 

COPR would be carried out sufficiently at the heap state.  

Some investigations showed that Cr( Ⅲ ) and Cr(VI ) species could be bound to cement and 

cementitious materials (lime, fly ash and blast furnace slag, etc.), which allows the immobilization of 

chromium and thus minimizing its leachability (12, 20, 21). Cr(Ⅲ) is very effectively immobilized in 

cement or cementitious materials, while Cr(VI) is not readily incorporated into cement hydrate phases. 

Thus, the reduction of Cr(VI) contained in COPR to Cr(Ⅲ) and the immobilization by cement or 

cementitious materials seem to be a possible method for COPR treatment. Nevertheless, this approach is 

unfavorable in reclamation of the S-species-based detoxified COPR, because of swelling of ettringite 

(C<l{[A1(0H)6]2·(S04}3-26 H20) (J3, 18) in COPR and the potentiality of reoxidation of Cr(III) to Cr(VI) 

with the lapse of time while being exposed to the atmosphere ( 18, 22). Therefore, it is of great importance 

to find out the effective method for stabilization of Cr(Ⅲ) in the detoxified COPR in reclamation of COPR.  

The major aims of this study were; (i) to find the cost-effective method for leaching of Cr(VI) in COPR 

by using the seawater and stripping of Cr(VI) in lixivium, ( ii) to assess the possibility of Na2S-based 

detoxification of pJCOPR containing seawater at a heap state, (iii) to find the reliable method for 

reclamation of the detoxified COPR.  

 

2. Materials & Methods  
2.1 Site and Sampling Technique  

COPR heap is found in coastal areas in middle-eastern part of DPRK, underlain by a dense 

layer of the silty clay. COPR sampling was conducted with a Geoprobe™ drill rig at five 

locations, in which each core reached depth of 3 meters. The cores were mixed up evenly, 

before sample of 10kg was collected and homogenized and stored in sealed plastic bags at 4°C.  

2.2 COPR Characterization  

Hexavalent chromium extraction and measurement were carried out by alkaline digestion and 

colorimetric determination with diphenylcarbazide, according to EPA method 3060A and EPA 

method 7196A, respectively. pH and moisture were measured according to ASTM methods D 

4980-89 and D 2216-98, respectively. The constituent of chromium and main elements in 

COPR were shown in table 1. Sample analysis was conducted in duplicate and average values 

were recorded. 

 

TABLE l. Initial Characterization for COPR 

 Water Alkali  

Non-leachable 

Cr(VI). % 

pH Cao,  MgO, AhO3 SiO2 Fe2O3_ teachable leachable 

%      % % % % Cr(v1), % Cr(v1), % 

      (as Cr2O3)  (as Cr2O4) (as Cr20J ) 

9.7    19.6 21.9 0.98 28.3 2.59 0.62 0.84 5.93 
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2.3 Leaching and Recovery of Cr(VI)  

Lab scale experiments were made to confirm the availability of leaching and the recovery of the 

leachable Cr(VI) in COPR by using the seawater. Experimental make-up consisted of; (i) a 

cylindrical leaching column with the height of 1OOcm and radius of 10cm, with 5 outlets (2cm in 

radius, 10cm in length) alongside the height of the column at the same interval, in which a centered 

mixing blade was installed 0.2m away from the bottom of the column, the axis of the blade was 

fixed in motor-controlled rotating velocity; (ii) a conical barrel for recovering of Cr(VI) from the 

lixivium containing Cr(VI), with its available volume of 30dm3, having a mixing blade and a 

system recirculating barren liquid to the leaching column. A dried COPR gently ground and passed 

through 0.5mm sieve was mixed with leaching solution, so as to give the solid content of the 

resultant COPR slurry a fixed value, and then the impact of various parameters affecting the 

leaching rate of Cr(VI) was investigated.  

After finishing the leaching process, solid/liquid separation was performed by gravitational settling 

and then Cr(VI)-containing lixivium, the supernatant, was drained out into a conical barrel through 

the selected outlet, where Cr(VI) settling occurs as chromate by adding 15% of the lead nitrate 

solution at a certain volume, followed by recirculating the barren liquid to the leaching process and 

recovering the chromium in chromate form.  

2.4 Detoxification of plCOPR and Reclamation of the Detoxified COPR 

Detoxification were performed by mixing the plCOPR separated from lixivium with Na2S as a 

reductant at a certain mass ratio by using a mixer apparatus and holding it irt dump state during a 

certain period. The influences of the Na2S/Cr(VI) mass ratio and the elapsed time on the content of 

remaining Cr(VI) in the mixture were investigated. Reclamation of the detoxified COPR was 

achieved by manufacturing clay brick, in that the detoxified COPR was used instead of the sand as 

viscosity reducer. The resultant clay bricks with the addition of the different portion of the 

detoxified COPR were investigated for the compression strength.  

 

3. Results and Discussion  
3.1 Effect of some Factors on Leaching of Cr(VI) in COPR  

3.1.1Change in Cr(VI) Extraction Rate with. he Concentration pf Sodium Chloride  

Fig. 1 depicts the extraction rate of alkaline leachable Cr(VI) in COPR with the increment of NaCl 

concentration from 0% to 9%, at different solid content, agitating speed 60r/min and leaching 

period of 30min. As shown in Fig. 1, the extraction rate was remarkably increased until the 

concentration of NaCl reached at 3%, and then approximately leveled with further increasing of the 

concentration of NaCl at every content of solid. Considering the saltiness of the seawater is ca. 3%, 

the utilization of seawater as a leaching solution is advantage over other leaching agents from the. 

Economic viewpoint. The change in extraction rate was investigated with the decrease of solid 

content from 30% to 10%(Fig. 1). Decrement of solid content results in gradual increment in 

extraction rate of Cr(VI), but difference was not much great. We selected solid content of 25% with 

regard to the disadvantage in relation to handling too large volume of liquid in leaching process at a 

lower solid content. 

FIGURE 1. Extraction rate of Cr(VI) at different 

concentration of NaCl.  



 

3.1.2 Change in Cr(VI) Extraction Rate with Leaching Period  

Cr(VI) extraction rate with leaching time were recorded in an agitating mode of continuous and 

intermittent. The results are shown in Fig. 2. In the intermittent agitating mode, with the 

increase of the retention time from 1Otrtin to 60min at the interval of 10min, the remarkable 

increment in extraction rate is observed till 30min, but thereafter no considerable difference is 

appeared. Accordingly, it is reasonable to be 30min of leaching time in intermittent agitating 

mode.  
 

 
FIGURE 2. Change in Cr(VI) extraction rate with leaching time in a different agitating 

mode.  

Meanwhile, in a continuous agitating mode, more steep increment in Cr(VI) extraction rate was 

appeared in a time range between 0min and20min, following by a flat section after 20min of 

elapsed time (Fig. 2). Compared two sorts of modes in the standpoint of energy consumption, it 

is preferred to select the intermittent mode for the leaching.   

3.1.3 Change in Cr(VI) Extraction  Rate with  the Number of Repetition of Leaching at a 

different season.  

In the industrial scale for Cr(VI) extraction from COPR, it is undesirable to control the 

temperature of lixivium, because Cr(VI) content in lixivium is rather poor, on the contrary 

much of energy should be provided for maintaining the required temperature. Multi-leaching 

operation (once-through outflow of 50% of total liquid volume) is thought to be a crucial 

component involving in recovery of chromate from COPR by using simple apparatus(without 

using special equipment), for which the setting of suitable number of repetition is of great 

importance. Fig. 3 shows the change of the extraction rate of Cr(VI) with the number of 

leaching repetition at a different season.  

 

FIGURE 3. Cr(VI) extraction rate with the number of repetition of leaching.  

The results of the multiple leaching experiment indicate that in summer and autumn, the total 

extraction rate of Cr(VI) reached nearly 82% and 83% when the number of repetition reached 5 

and 6, respectively, while in winter,  the extraction rate of 75% was achieved at the 7 times of 

repetition. Thus it is possible to recover the sufficient amount of Cr(VI) by increasing the 

number of repetition of leaching process even in winter.  

These findings show the possibility to recover Cr(VI) from COPR by using seawater, which 

could be applied, in pretreatment of COPR before detoxification, irrespective of season.  
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3.1.4 Change in Relative Sedimentation Height with Elapsed Time  

After finishing of Cr(VI) leaching from COPR, the preferential task to be solved is to separate 

the solid and liquid by means of possible separation methods. In separating of solid and liquid, 

the use of some filter apparatus causes a few difficulties in handling the separation process., 

because COPR has poor filterability and the filter apparatus requires a great deal of energy 

consumption. The recovery of supernatant using the gravitational sedimentation is promising 

and reasonable for solid and liquid separation, in which Cr(VI) involved in supernatant was 

stripped and recovered as chromate, thereafter barren supernatant was reused as leaching 

solution.  

In order to set the suitable position of supernatant outlet, the relative sedimentation height (the 

height ratio between the sedimentation boundary and the surface of a supernatant) was 

recorded with elapsed time (Table 2).  

Table 2 indicates that the uniform sedimentation section laid in the range of the relative 

sedimentation height between 0.59 and 1.0, followed by the compressive sedimentation and the 

final relative sedimentation height was 0.38. Consequently, it is favorable to set out the 

supernatant outlet at the poiht where it is 60% of column height. 

TABLE 2. Relative Sedimentation Height at a Different Time. 

Time, min 2 4 6 8 12 16 20 30 8 

Relative 

sedimentation height 

(bboundarv/htotal ) 

0.96 0.92 0.89 0.86 0.80 0.74 0.59 0.55 0.38 

 

3.2 Effect of the Parameters on the Recovery of Chromate Salt from the Lixivium  

Cr(VI) in lixivium was recovered in form of the insoluble chromate by using lead nitrate, 

according to the below chemical reaction. CrO4
2-   +    Pb2+

 = PbCrO4 ↓  

In practice of recovering of Cr(VI), not only above-mentioned reaction takes place without any 

byproduct, but other reactions could be accompanied with, depending upon  reaction 

conditions such as pH, salty and so on, resulting in a complex material related with the lead 

chromate and lead hydroxide, etc.  

  

  
FIGURE 4. Change -in Cr(VI) content with different mass ratios between lead 

nitrate(Pb(N03)2) and Cr(VI) (temperature of lixivium 20-23°C).  

Fig. 4 illustrates the relationship between the Pb(NO3)2 to be added/Cr(VI) mass ratio and Cr(VI) 

concentration in liquid, in which Cr(VI) concentration was recorded at 5 min after various amounts 

of lead nitrate were added into the Cr(VI) leach liquor with predetermined concentration. As 

shown in Fig. 4, the preferable results were obtained when a dose of lead nitrate would be six times 

as much as Cr(VI) in the liquid in relation to its weight. The study on the consumption of lead 

nitrate while changing the pH from 4 to 10 elucidates that the consumption of lead nitrate is 

minimized at pH of 8, in this case, the Cr(VI) content in lixivium became decreased to 1.7mg/L, 

corresponding to the recovery rate of 97.3%.  



 

3.3 Reductive Detoxification of plCOPR  

By studying the Na2S-based detoxification process of plCOPR containing the leaching 

agent(mainly chloride anion), applicability of the reductive detoxification, proposed by Velasco A 

et al., to plCOPR containing the leaching agent has been confirmed. We used sodium sulfide as a 

single reductant without retention time for reaction completion, in that the mixture of plCOPR and 

reductant with the different mass ratios, prepared through mechanically blending for 5min in mixer 

apparatus, was piled on a certain place. The content of Cr(VI) in the mixture of plCOPR and 

reductant was determined with the time elapsed since the various amounts of Na1S were added (Fig. 

5).  

 

FIGURE 5. Cr(VI) content vs. the elapsed time at the different mass 

ratios between  Na Sand Cr(VI).  

The result showed that the content of Cr(VI) in plCOPR became lower than the cleanup criteria (8) 

by US EPA, when the Na2S/ Cr(VI) mass ratio were kept up to 6. Therefore, it is proper to keep the 

mass ratio of about 6, based on the analysis of remaining Cr(VI) in plCOPR, in accordance with 

the reference to (9). Also, the contents of Cr(VI) in the mixture of plCOPR and reductant were 

determined with the time elapsed to have the correct time data for completion of detoxification.  

3.4 Alternative Utilization of the Detoxified COPR to the Sand being used as Viscosity Reducer in 

Fabrication of Clay Brick  

In fabrication of clay brick, the use of COPR as viscosity reducer makes it possible to stabilize 

and reclaim the detoxified COPR. The fabrication of clay brick was proceeded through some steps 

including the mixing of COPR, clay and fly ash, kneading of the mixture, molding, aging, roasting, 

and cooling. The compression strengths of clay bricks added various amount of COPR were 

measured. The results of compression test (23) indicated that the appreciable compression strength 

was achieved at dose of 30wt %, such that it could be used in construction (Table 3).  

 

TABLE 3. Compression Strength of Clay Brick added Various 

Amount of COPR.  

Dose of COPR. %  10  20  30  40  50  

Compression strength, 

N/mm 2  
95  76  52  38  25  

  

Analysis result of Cr(VI) in clay brick made of COPR illustrates that the content of Cr(VI) was 

0.5mg/kg, that is, less than cleanup criteria by US EPA.  

Consequently, by using these processes in series, it would be expected that convenient and 

cost-effective reclamation of COPR could be accomplished, saving the cost of treatment of 

COPR (Fig, 6).  
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FIGURE 6. Schematic flow diagram for reclamation of COPR  

(A- chromate recovery; B- detoxification and fabrication of brick)  

 

4. Conclusions  
This study attempted to recover r(VI) existed in COPR by means of leaching, with seawater as a 

lixivium, the rationale being to exchange the Cr(VI) with Cl- in seawater. The results of the above-

mentioned leaching experiments showed that it is possible to recover Cr(VI) existed in COPR with an 

inexpensive method, in which ca. 82% of Cr(VI) extraction rate could be achieved under the following 

condition; seawater as leaching solution, 25% of solid content, 30-min leaching, intermittent agitation, 

gravitational sedimentation as solid/liquid separating mode, repetition of up 5. In the leaching of Cr(VI) 

from COPR,. Cr(VI) in lixivium was easily recovered to chrome yellow form by adding lead nitrate and 

the resultant Cr(VI) depleted liquid was recirculated to leaching column as leaching solution. The 

advantage of the proposed leaching method is that the 'inexhaustible natural seawater is used as a leaching 

agent and a solid/liquid separation is made by using gravitational settling, needless to use any special 

equipment such as filter press.  

And then, the results of detoxification examination of plCOPR containing Cl- shows that sodium 

sulfide can be also used as a single reductant, as prior researchers did, in which reaction mixture was 

discharged from reactor without retention time for reduction, thereafter reduction of Cr( VI) occurs in a 

certain place outside of mixer apparatus. According to this method, processing time can be shortened 

greatly than prior methods.  

In addition, in this study, the soil waste, detoxified COPR was used to fabricate the clay brick in placing 

sand as a viscosity reducer, having the stabilization and reclamation of COPR.  

Consequently, by using these processes in series, it would be expected that both objects of recovery of 

leachable Cr(VI) and reutilization of COPR as building materials could be accomplished, saving the cost 

of treatment of COPR.  

For further improvement of the reclamation process of COPR, we are going to recover the chromite ore 

remained in COPR, accounting for 0.5-5%, during the chromate salts-leaching process, and to reduce the 

cost of reductant in detoxification process.  

   

5. List of abbreviations  
 The following are the list of abbreviations used in this paper:  

1. COPR - Chromite Ore Processing Residue  

2. plCOPR - post-leach Chromite Ore Processing Residue  
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