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Abstract Steel slag, which contains basic oxides capable of

generating high levels of alkalinity, may be used in leaching

beds or leaching channels to neutralize acid mine drainage

(AMD). In the present study, electric arc furnace (EAF) slag

from the Pasargad Steel Complex was used to investigate the

influence of slag particle size on AMD treatment. Three slag

samples with different particle size distributions (coarse,

mixed, fine) were prepared. Slag composition, pH variation,

level of alkalinity, and specific surface area were measured

and the surfaces of the slag particles was examined by scan-

ning electron microscopy. In both dynamic and static leaching

tests, there proved to be three stages: an initial high pH,

alkalinity digestion-exhaustion, and low pH. Depletion of fine

particles and precipitation of Fe, Al, and Mn hydroxides on

particle surfaces were critical factors in how the alkalinity in

the slag was exhausted during the second stage. SEM images

suggest that metal precipitates prevented the AMD from

reaching the slag surface and hence its neutralization potential

was reduced. We also found that finely-ground slag produced

a higher initial pH in the leachate but that after 60 leaching

cycles, the pH value dropped below that of the coarse slag. A

mixed sample demonstrated an initial high pH and a moderate

pH after the 60th cycle, which verified greater potential for

long-term alkalinity generation than the well-sorted slag.

Keywords Acid mine drainage � Leaching process �
Steelmaking slag � Alkalinity generation � pH

Resumen La escoria de acero que contiene óxidos bási-

cos capaces de generar altos niveles de alcalinidad, puede

ser usada en camas o canales de lixiviación para neutralizar

drenajes ácidos de mina (AMD). En el presente estudio, la

escoria de horno de arco eléctrico (EAF) proveniente de

Pasargad Steel Complex fue usado para investigar la in-

fluencia del tamaño de partı́cula sobre el tratamiento de

AMD. Se prepararon tres muestras de escoria con difer-

entes distribución de tamaño de partı́cula (grueso, mezcla y

fino). Se analizaron la composición de la escoria, la vari-

ación del pH, el nivel de alcalinidad, el área superficial

especı́fica y la superficie de las partı́culas por microscopı́a

electrónica de barrido. En los ensayos estáticos y dinámi-

cos de lixiviación, se encontraron tres estados: al pH ini-

cial, durante la digestión alcalina y a bajo pH. El consumo

de las partı́culas finas y la precipitación de hidróxidos de

Fe, Al y Mn sobre la superficie de las partı́culas resultaron

factores crı́ticos que agotaron la alcalinidad de la escoria en

el segundo estado. Las imágenes SEM sugieren que los

precipitados impidieron el AMD al cubrir la superficie de

la escoria y de ese modo se redujo el potencial de neu-

tralización. También encontramos que las partı́culas de

escoria finamente divididas produjeron un mayor pH inicial

en el lixiviado pero luego de 60 ciclos de lixiviación el pH

cayó aún más que para las partı́culas gruesas. La mezcla de

ambos tamaños mostró un alto pH inicial y un moderado

valor de pH luego de 60 ciclos lo cual indica un gran

potencial para generación de alcalinidad a más largo plazo

que las partı́culas con tamaño semejante entre sı́.

Zusammenfassung Durch den Anteil an basischen Ox-

iden hat Stahlschlacke die Fähigkeit, hohe Basenkapazitäten

zu erzeugen. Stahlschlacke kann bei der Verwendung in

Laugungsbetten bzw. –kanälen somit saure Grubenabwässer
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(acid mine drainage, AMD) neutralisieren. In dieser Arbeit

wird (gemahlene) Stahlschlacke aus elektrischen Lichtbo-

genöfen (EAF) des Pasargad Steel Complex verwendet, um

den Einfluss der Partikelgröße auf die AMD-Aufbereitung

zu untersuchen. Drei Proben mit unterschiedlichen Kor-

ngrößenverteilungen (Grob, Gemischt, Fein) wurden ver-

wendet. Die Zusammensetzung der Stahlschlacke, pH-Wert

Änderungen, der Alkalinitätsgrad und die spezifische Obe-

rfläche wurden einbezogen, die Oberfläche der Schlacken-

partikel mittels Raster-Elektronenmikroskopie (REM)

untersucht. Sowohl in statischen als auch in dynamischen

Laugungsversuchen wurde jeweils ein dreiphasiger Verlauf

beobachtet. Nach hohen pH-Werten am Anfang (1) ers-

chöpfte sich die Basenkapazität (2). Dies führte am Ende zu

geringen pH-Werten (3). Der Rückgang des Feinpartike-

lanteils und die Fällung von Fe-, Al- undMn-Hydroxiden auf

Partikeloberflächen waren die hauptsächlichen Ein-

flussfaktoren für den Rückgang der Alkalinität der Schlac-

ken während Phase (2). Anhand von REM-Aufnahmen war

zu erkennen, dass die Fällungsprodukte der Metalle die

AMD-Lösungen daran hinderten, die Schlackenoberfläche

zu erreichen, was zur Reduktion des Neu-

tralisationspotenzials führte. Einweiteres Ergebniswar, dass

fein gemahlene Partikel zwar einen höheren Ausgangs-pH-

Wert erzeugen, dieser jedoch nach 60 Laugungszyklen unter

den pH-Wert gröber gemahlener Schlacke fällt. Die un-

gleichförmige Mischprobe zeigt ebenfalls einen hohen

Ausgangs-pH-Wert, welcher jedoch nach 60 Laugungszyk-

len immer noch höher ist als bei den anderenVersuchsreihen.

Dies zeigt im Ergebnis ein höheres, bzw. ein über längere

Zeiträume wirksameres Alkalinitätspotenzial der un-

gleichförmigen gegenüber den gut sortierten

Schlackenproben.

Introduction

Slag, a mixture of silica, calcium oxide, magnesium oxide,

alumina, and iron oxides, is a by-product of steel and iron

production. It contains the impurities of the iron ore and

additives such as limestone and ferroalloys (Fruehan 1998;

Toulouevski and Zinurov 2010). During the smelting and

purifying process, these impurities separate from the mol-

ten metal and rise to the surface of the liquid metal due to

their lower density, eventually forming slag. The molten

slag is easily collected and removed; on cooling, it solid-

ifies into a nonmetallic glass-like structure. For many

decades, slag was considered an industrial waste but, in

recent years, the necessity for preserving our natural

resources has motivated scientists to find new applications

for slag (Márkus and Grega 2006), though before it can be

used, further processes such as crushing, iron separation,

and weathering may be required (Brandt and Warner 2009;

Ghosh and Chatterjee 2008; Verhoeven 2007). Uses for

slag include cement production, road construction, fertil-

izers, and hydraulic engineering. Use of slag in road con-

struction is well-developed and numerous research studies

have been carried out (Barišic et al. 2010; Chaurand et al.

2006; Sofilic et al. 2012). It replaces traditional aggregates

in cement production (Faraone et al. 2009; Lizarazo et al.

2011; Patel 2008; Tomasiello and Felitti 2010). Slag is an

‘‘environmentally sound material’’ that can be used to

restore environmentally damaged areas such as acid mine

drainage (AMD) contaminated sites (Simmons et al. 2002;

Yildirim and Prezzi 2009; Ziemkiewicz 1998).

Using slag to treat AMD is not a widespread practice;

however, a few attempts have been made during the last

two decades to spell out the merits of this technique.

Simmons et al. (2002) investigated steel slag leaching beds

(SLBs) and proved that because the slag contains CaO,

MgO, and other alkaline compounds, it can increase the pH

of AMD up to 10 or 11 (Simmons et al. 2002). Zie-

mkiewicz reported that slag yields hundreds of times more

alkalinity than limestone and the neutralization potential

(NP) of steel slag (ranging from 45 to 70 %) exceeds either

hydrated lime or quicklime. Column test studies by Zie-

mkiewicz (1998) revealed that slag’s alkalinity generation

remained high (as high as 2,000 mg/L) for a long period of

time. Kruse et al. reported an alkalinity concentration of

1,500 mg/L for steel slag, and calculated that the average

volume of effluent water that could be effectively treated

with slag was about 76 t/year, which is 5–8 times more

than other AMD control options (Kruse et al. 2012).

Mg- and Ca-bearing constituents of slag contribute

hugely to the short-term acid neutralization process, while

Si- and Al-bearing constituents discharge alkaline materi-

als over a longer period of time due to their lower disso-

lution rate. Thus, the presence of alumino-silicate minerals

prolongs the performance of SLBs to tens of years (Yan

et al. 2000). It is important to design SLBs very precisely,

in order to make them maintenance-free systems. On this

account, Simmons et al. (2002) recommended that the

chemical composition of the slag be monitored during

design and construction. Slag particle size is another

important consideration in AMD control systems. Particles

less than 3 mm were shown to be most effective in AMD

treatment because of rapid dissolution due to their high

surface area (Simmons et al. 2002).

Concerns that should be dealt with when using slag to

treat AMD include the fact that the surface openings in slag

particles can become clogged with metal precipitates. The

main source of the metallic components is AMD, but it is

also introduced into the leachate by dissolution of the EAF

slag. This is a more severe problem with fine slag particles.

In order to eliminate this, fresh water should be introduced
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into the SLB or slag leaching channel (SLC) to wash

sediment and precipitation products from the slag surface

(Simmons et al. 2002; Ziemkiewicz 1998). We investigated

the effect of slag particle size on acid neutralization. Also,

the relative effectiveness of two different types of leaching

systems (dynamic and static) was compared.

Experimental Methods

Sample Preparation: EAF Slag

The electric arc furnace (EAF) slag used in this study was

collected from stockpiles in the Pasargad Steel Complex

(Shiraz, Iran). The liquid slag is routinely air-cooled,

stockpiled, and subjected to weathering. A magnetic belt is

used to separate metallic iron from the slag. The collected

slag ranged in size from 3 mm to 5 cm. The slag sample

was first crushed using an industrial crusher and then finely

ground in the laboratory using a planetary ball mill crusher.

Iron separation was repeated after each crushing and

grinding phase (using a magnetic bar). To exclude mois-

ture, the sample was heated for 20 min at 130 �C in an

electric oven.

Three slag samples were prepared with different particle

size distributions. Ground samples was sieved according to

ASTM E11-95 and ASTM D422-63 standards and particles

retained above sieve number 20 (with an opening size of

850 lm) were mixed together with particles that were

coarser than that to make a coarse-particle slag (coarse

slag).

To prepare a slag sample with fine particles (fine slag),

the grinding time was extended for 15 more minutes, fol-

lowed by sieving; particles retained on sieve number 20

were mixed together with finer particles. It should be noted

that these sample sets were prepared during separate

grinding and sieving steps.

In order to make a sample with a broader dimensional

range (mix slag), a mixture containing 70 wt% of coarse

slag and 30 wt% of fine slag was prepared and sieved to

analyze its exact particle size distribution. Mixed particles

sizes were used to control a parameter called the packing

factor, which is the ratio of filled space to the total space in

a volume of material. It was important to control the

packing factor because the higher the packing, the more

contact area is available between slag and AMD. If we

consider all the slag particles as spherical and the same

size, i.e. 850 lm, we can reach the maximum packing

factor of 70 % (0.7), which means that 30 % of the space is

empty (ideal situation). In our case (non-ideal), the packing

factor is estimated to be less than 50 % (though this was

not measured). We used smaller particles to fill in the

empty spaces between larger particles and increase packing

factor in order to increase the contact area between slag

and AMD. The disadvantage was some decrease in

hydraulic performance.

Please note that we still have distinct particle size dis-

tributions in the three slag samples; particle size distribu-

tion curves are presented in Figs. 1, 2, and 3. Chemical

analysis of the slag was carried out with a Spectro optical

emission spectrometer (Table 1).

Sample Preparation: AMD

To provide an AMD sample, effluent water from iron ore

mine waste was collected using an all-plastic Kemmerer

water sampler. Four different locations were randomly

sampled at different times of the day and the samples were

sent to the laboratory at the Dept of Environment at Zanjan

University, where they were mixed together to produce

240 L of AMD. This representative sample was the only

AMD used during this study. It was stored in environ-

mentally sealed polyethylene containers, repeatedly agi-

tated to keep it uniform, and filtered prior to use with a

25 lm paper filter. The pH of the AMD sample was

measured with a Metrohm 781 pH/ion meter. Subse-

quently, the sample was analyzed using inductively cou-

pled plasma—optical emission spectrometry (Perkin Elmer

ICP-OES) per ASTM UOP714-07 (Table 2).

Test Design

To analyze the influence of particle size on AMD reme-

diation, two laboratory leaching (namely dynamic and

static) set-ups were designed. These configurations were

intended to represent SLCs and SLBs, respectively. The

dynamic set-up consisted of a glass cylindrical vessel

(diameter: 5.08 cm, height: 15.2 cm) and a piping system

to circulate AMD (Fig. 4). Both sides of the vessel were

sealed with gaskets made of an inert material.

A 10 cm tall column of slag was placed inside the

vessel. Down-flow circulation was applied, i.e. AMD was

injected from the top of vessel and after passing through

the slag layer, extracted from a prearranged drain hole at

the bottom. Circulation was facilitated by a conventional

pump, normally used in an evaporative cooler. The average

flow rate was measured at 6.6 L/min. The pH of the system

was measured after each 24 h cycle, and the AMD was

replaced with ‘‘fresh’’ AMD. This procedure was repeated

for 60 successive cycles. Alkalinity was analyzed at the

end of 10th-, 20th, 30th and …60th cycles. To remove

metal precipitates, fresh water was introduced after every

ten cycles and circulated for 5 min.

The static test is exactly the same as the dynamic test

except that in the static test procedure, there was no

AMD circulation; instead, 3 cm of AMD covered the

206 Mine Water Environ (2015) 34:204–212

123



slag. AMD remained in the vessel for 24 h and renewal

took place exactly as in the dynamic experiment. Alka-

linity and pH were monitored as in the dynamic system.

Generally, the acid-neutralizing capacity (ANC) of rocks

and minerals is determined by the Sobek method (Sobek

et al. 1978). This method involves acid digestion followed

by back titration. However, in minerals with a high Fe and

Al content, this method is not precise enough because Al

and Fe are hydrolyzed and precipitate during the back

titration but do not contribute to acid neutralization. To

resolve this situation, the Sobek method has been modified

to include addition of H2O2 during titration and elimination

of boiling stage (Weber et al. 2005). In this study, we used

the modified Sobek method to measure ANC.

Measurement of BET specific surface area (SSA) was

carried out in accordance with standard test method ASTM

B 922-02. For this purpose, the multilayer method using

nitrogen gas with 99.999 % purity was applied. Finally,

scanning electron microscopy (SEM) was used to study the

slag surface and precipitation of metals and metal hydrox-

ides on the slag particles. Only fine slag was used for these

SEM studies.

Fig. 1 Coarse sample particle

size distribution chart

Fig. 2 Fine sample particle size

distribution chart
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Results and Discussion

As presented in Table 1, CaO, SiO2, MnO, MgO, Al2O3,

and ferrous oxides (Fe2Ox, where 2\ x\ 3) were the

main components of the EAF slag used in this research.

These compounds generate high levels of alkalinity (Sim-

mons et al. 2002; Yildirim and Prezzi 2009; Ziemkiewicz

1998). Among these components, CaO, MnO, and MgO

improve the ANC of slag and are the most active in AMD

remediation. On the other hand, Al2O3 and ferrous oxides

hydrolyze during leaching, even when the pH is as low as

4–5, causing hydrolysis products to precipitate on the slag

particles. Therefore, these compounds do not participate in

AMD remediation processes at higher pH values.

Hydrolyzation of manganese (Mn) begins only when pH is

above 8 and so Mn compounds are more involved in acid

neutralization (Brookings 1998; Weber et al. 2005).

The ANC of the slag sample was calculated to be

1,082 kg (CaCO3 equivalent)/t using the modified Sobek

method. Ziemkiewicz reported ANC levels up to 770 kg

(CaCO3 equivalent)/t for few different slag samples. The

higher ANC of the slag sample in this study may be due to

the high CaO content (more than one-third of the whole

composition, Table 1). Also, the iron separation process

improved ANC by removing metallic iron from the slag,

Fig. 3 Mix sample particle size

distribution chart

Table 1 Average chemical

composition of EAF slag
Component CaO MgO Al2O3 MnO SiO2 Cr2O3 P2O5 Fe total Fe2Ox (2\ x\ 3)

Weight % 34.81 1.98 3.12 2.1 19.7 1.08 0.86 26.2 21.54

Table 2 Metal content of AMD sample in mg/L (pH: 2.85)

Element Content Element Content

Aluminum 31.41 Iron 115.80

Copper 1.736 Cobalt 0.0309

Calcium 198.31 Cadmium 0.039

Strontium 0.183 Magnesium 101.45

Titanium 0.195 Molybdenum trace

Vanadium 0.341 Lead 0.031

Tin 1.47 Manganese 0.874

Zinc 14.96 Chromium 0.041

Zirconium Trace Nickel 0.907

Fig. 4 Schematic drawings of the dynamic leaching apparatus
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thereby increasing the concentration of the CaO, MnO, and

MgO.

Figure 5 displays measured pH values in the leachate in

dynamic experiments for three slag samples. In order to

evaluate the effect of pH, 3 stages are introduced: an initial

leaching stage, an alkalinity digestion stage, and a stable

low pH stage.

In the first stage, the alkaline compounds of slag start to

dissolve in AMD, leading to an increased pH. In this stage,

a great amount of contact area between slag particles and

AMD is available and the dissolution rate of alkali com-

pounds in AMD is high. Therefore, the amount of alkaline

materials that leaches out from the slag is considerable and

the acid neutralization rate is high, resulting in high pH

values. Due to exposure of new slag surfaces to AMD

during leaching and the presence of abundant alkali in the

leachate, some fluctuation in pH (particularly minor

increases in pH during the initial cycles) are noticeable.

As it is obvious from the curves, the pH began to decline

somewhere between the 10th and 20th cycles, in contrast

with results presented by Simmons et al. (2002), who

reported an instant pH decline. An explanation could be the

higher ratio of slag to AMD in the present study. Simmons

et al. used 2 L of AMD and 100 g of slag, while 1.2 L of

AMD was treated with 180 g of slag in the present study.

Transition to the second stage began when alkalinity

generation began to shrink. Two main factors control this

transition. Initially, alkalinity generation was reduced after

the finest particles were dissolved. This transition occurred

earlier with the fine slag, where the average particle size

was less than 250 lm. The other parameter is the initial pH

of the AMD (it was 2.85). A lower initial pH means that

more alkalinity was consumed before the pH reached

alkaline levels, which caused the transition to occur at an

earlier time (fewer leaching cycles). During the alkalinity

digestion stage, most of the alkaline components of the slag

were consumed, and the AMD-slag contact area decreased

(due to precipitation), causing the pH to drop. The pH

dramatically fell, from 10.85 (11th cycle) to 4.19 (40th

cycle) with an average of -0.22 pH per cycle in the fine

slag sample. In the coarse slag, the pH dropped from 9.22

(20th cycle) to 4.76 (49th cycle); the average pH change

was -0.15 in each cycle. The lowest average pH decline

was associated with the mixed slag sample, at 0.13 pH per

cycle, from 8.56 (21st cycle) to 4.96 (49th cycle).

The low pH stage (on the right side of the curves)

occurred when most of the soluble alkalinity of the slag had

been consumed and generation of alkaline materials was

extremely limited. Also, available surfaces were blocked

by precipitated reaction products. During this stage, pH

gradually declined at a very low rate. This was buffered, in

part, by Al and Fe carbonates and silicates for, at low pH,

these Al and Fe compounds contribute to neutralization

(Weber et al. 2005). In this area of the plot, the rate of pH

change was between -0.025 and -0.046 pH units per

cycle for the different particle sizes.

Trends of pH in the static leaching experiment (Fig. 6)

are quite similar to that of the dynamic leaching system.

However, two main differences are recognizable. Initially,

for each sample, the pH was clearly lower in the static

experiment. This indicates that flowing AMD can effec-

tively leach more alkalinity. When the interaction between

slag particles and AMD was static, an alkaline-rich area

developed near each particle-AMD interface, which

Fig. 5 Changes in pH during

leaching in the dynamic

leaching experiment
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reduced further alkalinity generation. This was true

regardless of particle size distribution.

The second difference was the lower rate of pH drop.

The pH changed at a rate of -0.16 units per cycle in fine

slag, -0.10 units per cycle in coarse slag, and -0.09 units

per cycle in mixed slag. This is explained by the immo-

bility of the AMD in the system, preventing further

decreases in pH.

The net alkalinity change during the dynamic and static

leaching experiments for the fine slag samples confirmed

these suggestions (Fig. 7). In our study, alkalinity was

leached out by the AMD, while the high alkalinity

concentrations reported by Ziemkiewicz and Kruse were

based on leaching with neutral water. In our study, some

alkalinity was consumed neutralizing the AMD before the

pH rose to neutral.

Precipitation of metals and metallic compounds, which

is influenced by leachate pH, is a key issue in slag-based

AMD control systems. The main source of the metallic

components is the AMD, but it is also introduced into the

leachate by dissolution of the EAF slag. Particles precipi-

tate on the slag particles and clog surface openings, thus

reducing available AMD-slag contact area, and conse-

quently decreasing the generation of alkalinity. SEM

Fig. 6 Changes in pH during

leaching in the static leaching

experiment

Fig. 7 Net alkalinity of fine

slag during dynamic and static

leaching cycles
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images (Figs. 8, 9) show precipitates on the surface and

pores of the fine slag. Precipitates may include hydroxides

such as Fe(OH)3(S), Al(OH)3, and Mn(OH)2 or metallic

elements (Al, Cd, Ca, Cr, Mo, Ni, and Sr) as well as some

sulfate minerals. Dimension of precipitates is between 0.2

and 2 lm, as can be seen in the SEM images. Results given

by Simmons et al. (2002) and Weber et al. (2005) confirm

this model.

In this research, to reduce the effect of metal precipi-

tation, fresh water was introduced into the leaching system.

This procedure detaches metal-based precipitation products

from the slag particles and provides more AMD-slag

contact area, which in turn improves alkalinity generation

and acid neutralization. As observed in the plots, there was

a small increase in pH (measured after the 10th, 20th, 30th,

40th, and 50th cycles). A similar procedure was recom-

mended by Ziemkiewicz (1998), who suggested applying

slag particles along with running water to extend the ser-

vice quality of a SLB or SLC.

As stated before, the initial pH has its maximum value

for fine slag compared to a lower value for coarse slag (9.4

and 7.7 in the static experiment and 10.3 and 8.8 in the

dynamic experiment). The total SSA of sample particles

and dissolution rate of alkaline content of slag samples are

simultaneously responsible for the pH behavior. As ana-

lyzed by gas adsorption, the SSA ratio for different slag

samples was 1/2.52/7.83 respectively for coarse, mixed,

and fine slag samples. Table 3 gives actual values of BET

SSA in m2/g. BET SSA rose from 0.52 m2/g in coarse slag

to 4.07 m2/g in fine slag. Higher BET SSA simply means

that more surface area was in contact with AMD during

leaching, which meant that higher amounts of alkaline

materials could leach out from the slag particles, generat-

ing more alkalinity and more acid neutralization. After the

60th cycle, the situation was reversed in the dynamic

experiment and the maximum pH value of the leachate

belonged to the coarse slag sample, with a pH of 4.6. This

is explained by the high rate of dissolution and depletion of

very fine slag particles after prolonged reaction with AMD,

which gradually reduced the NP of the system.

In conclusion, to determine the best solution for AMD

control, several parameters have to be considered. Static

and dynamic leaching test methods were evaluated in this

study and our results show that the dynamic leaching

system, in which AMD flowed continuously through slag

column, was a more effective system for AMD neutral-

ization than the static system where the AMD was replaced

daily.

It is advised to use a broad particle size range of the steel

slag, which enables one to take advantage of the high initial

pH associated with the rapid dissolution of fine particles

and the longer performance life of the larger particles, even

though this decreases hydraulic performance. The rate of

dissolution and alkalinity generation may be enhanced and

maintained by increasing slag surface area exposed to the

leaching solution, initially by grinding and sieving the slag

and later by avoiding the accumulation of precipitates on

the particle surfaces. To flush out precipitated solids and

Fig. 8 SEM image showing metal hydroxide precipitation on a fine

slag particle

Fig. 9 Precipitates on a fine slag particle at higher magnification

Table 3 Measured BET specific surface area of EAF slag sample,

using the N2 gas absorption method

Sample Coarse grained

sample

Fine grained

sample

Mixed

sample

BET

SSA

0.52 (m2/g) 4.07 (m2/g) 1.31 (m2/g)
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increase the slag surface available for leaching, purging

fresh water into the leaching system at frequent intervals is

recommended.

Evaluating the AMD-slag reaction from a chemical

perspective, i.e. identification of precipitates, determination

of the reactions that accompany neutralization, and moni-

toring the composition of slag and leachate over time are

potential areas for further study.
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