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Graphical abstract 
 

 

Abstract 
 

The leaching behavior of cesium -134 (Cs-134) from cement mixed with 5%, 11% and 18% of 

biochar has been investigated accordance with the ANSI/ANS 16.1-2003 method. The 

leachate was collected and measured using gamma spectrometry after the leaching 

periods of 2 h, 7 h, 24 h, 14 days, 28 days, 43 days and 90 days. In order to evaluate the 

leaching behavior of Cs-134 from cement biochar matrix, the cumulative leach fraction, 

leaching rate, diffusion coefficient and leachability index for Cs-134 were calculated. The 

compressive strength of the specimen after 90 days of leaching test was also performed to 

evaluate its durability in the water. The results indicated that the addition of biochar affects 

the leaching behavior of Cs-134 from the cement matrix. The optimum amount of biochar 

required to obtain the lowest leachability and the highest compressive strength of Cs-134 

was found to be at 11%. The leaching of Cs-134 from cement-biochar matrix was found less 

than 20%, in which the leaching behavior approximates that of a semi-infinite medium. The 

leachabilty indices of all specimens were above the recommend minimum value of 6, 

which suggest the leaching behavior of Cs-134 from cement-biochar matrix occurred in a 

very slow diffusion.  
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Abstrak 
 

Kelakuan larut resap sesium-134 (Cs-134) daripada simen dicampur dengan 5%, 11% 

dan18% bioarang telah dikaji menurut kaedah ANSI/ANS 16.1-2003. Cecair larut resap 

diambil dan diukur menggunakan sistem spektrometer gama selepas tempoh larut resap 

pada 2 j,7 j, 24 j, 14 hari, 28 hari, 43 hari dan 90 hari. Bagi menilai kelakuan larut resap Cs-

134 daripada matriks simen-bioarang, larut resap kumulatif, kadar larut resap, kecekapan 

keresapan dan indeks larut resap bagi Cs-134 telah ditentukan. Kekuatan mampatan 

spesimen selepas 90 hari ujian larut resap juga dijalankan bagi menilai ketahanan di dalam 

air. Keputusan menunjukkan penambahan bioarang telah mempengaruhi kelakuan larut 

resap Cs-134 daripada matriks simen. Jumlah optimum bioarang yang diperlukan untuk 

mendapatkan larut resap terendah dan kekuatan mampatan paling tinggi adalah pada 

11%. Larut resap Cs-134 daripada matriks simen- bioarang didapati kurang daripada 20% 

yang menunjukkan kelakuan medium separa tak terhingga. Indeks larut resap bagi ke 

semua spesimen adalah melebihi 6 yang mencadangkan kelakuan larut resap Cs-134 

daripada matriks simen-bioarang berlaku dalam keadaan resapan perlahan. 

 

Kata kunci: Bioarang, simen, sesium-134, kelakuan larut resap 

 

© 2016 Penerbit UTM Press. All rights reserved 
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1.0  INTRODUCTION 
 

Cement is the best material for immobilisation of 

various types of low and intermediate level 

radioactive wastes. This method has been practiced 

for many years in many countries due to its low cost, 

durability, simple operational conditions and 

availability [1]. Most of low and intermediate level 

cemented radioactive wastes are stored and 

disposed of in near-surface disposal facility [2]. Thus, 

for the long-term durability of the cemented 

radioactive wastes in disposal facility it is crucial to 

prevent the migration and dispersion of radionuclides 

into the environment.  

The most common type of cement used as a 

binding agent for radioactive waste is hydraulic 

cements i.e. Ordinary Portland Cement (OPC). This 

type of cement provides both physical and chemical 

contributions to immobilisation of radioactive waste 

[3]. However, cement has unfavorable 

characteristics as a binding agent i.e. high 

leachability of radionuclides, especially to cesium. 

The sorption of cesium in cement matrix is low and 

cesium also remains soluble in the high pH 

environment of cement [4]. Thus, there have been 

many studies conducted by researchers to improve 

the leaching properties of radionuclides in the 

cementitious material. It has been suggested that the 

leachability of radionuclides can be reduced by 

adding a proper amount of admixture such as 

bentonite, vermiculite, alumina, blast furnace slag, 

silica fume and ilmenite [5-7]. In this study, biochar 

was used as an admixture for cesium immobilisation 

in cement. In general, biochar is a carbon-rich 

product of biomass pyrolysis that has a high degree 

of porosity and extensive surface area [8]. Recently, 

biochar received considerable attention because it 

has many potential in environmental applications 

and advantages [9]. Biochar made from various 

biomass materials are found to have the ability to 

remove heavy metals [10], organic pollutant [9] and 

radionuclides [11]. Therefore, this study aimed to 

evaluate the leachability of cesium-134 (Cs-134) 

immobilised in a cement-biochar matrix using the 

ANSI/ANS 16.1 leach test method [12]. Cesium was 

chosen because it exists as a crucial component of 

many waste streams [13] and Cs-134 was selected  in 

this study due to its short half-life (2.1 years) 

compared to Cs-137 (30 years). The incremental 

leaching rate, cumulative leaches fraction, leaching 

rate, diffusion coefficient and leachability index for 

Cs-134 were determined using diffusion release 

models. Besides that, the characterization study for 

EFB biochar was also conducted.  

 

 

2.0  METHODOLOGY 
 

2.1  Preparation of Biochar 

Empty fruit bunch (EFB) biochar was obtained from 

Universiti Putra Malaysia, Serdang Selangor, Malaysia. 

The biochar was produced from the pyrolysis of EFB 

at medium temperature (250 - 450°C). EFB biochar 

was ground and sieved by USA Standard Sieve No. 

18 (corresponding to 1 mm) before used as an 

additive material for cement. 

 

2.2  Characterisation of Biochar 

  

C, H, N and S elemental analyses were performed 

with CHNS Analyser (Model CHNS-932, USA). 

Scanning electron microscopy (SEM) (Model FEI 400) 

equipped with energy dispersive X-ray analysis (EDX) 

was used to observe surface morphology and to 

determine the elemental composition of biochar. 

Crystalline minerals of biochar were identified by X-

ray diffraction (XRD) (PANalytical Model PW3040/60 

X’pert PRO). The chemical functional groups in 

biochar were determined using Fourier transform 

infrared spectroscopy (FTIR) (Perkin Elmer Model 

Spectrum 2000/L183). 

 

2.3  Preparation of Specimens 

 

The cement specimens used in this study was 

Ordinary Portland Cement (OPC) supplied by 

Lafarge Malaysia Berhad. It is local OPC 

manufactured according to British Standard BS EN 

197-1:2000-CEM II/B-M 32.5. Cement-biochar based 

matrices were prepared by mixing the OPC with 

different amount of biochar (5%, 11% and 18%) 

(wt/wt) at water to cement (w/c) ratio of 0.5.  About 

2 g of CsCl solutions (8.8 x 103 Bq) were spiked into 

the cement biochar mixtures. The mixtures were 

mixed using laboratory cement mixer for about 10 

min at room temperature (26 ºC ± 1). The cement 

pastes were poured into the polyethylene cylinder 

moulds (10 cm diameter and 10 cm height) and 

vibrated to remove air bubbles. After a setting time 

of 24 h the specimens were removed from the 

moulds, inserted into plastic bags, sealed and 

allowed to cure for 28 days at room temperature. 

 

2.4  Leaching Test 

 

The main objective of leaching test of cemented 

radioactive waste is to assess its potential hazard to 

the environment [14]. The leaching test was 

performed according to the ANSI/ANS-16.1-2003 

method [12]. The leachant was distilled water with a 

pH of 7.98 and the conductivity of 4.34 µs. All the 

specimens were leached in cylindrical polyethylene 

containers with a volume of leachant to the external 

geometric surface area of specimen (471.2 cm2) 

ratio of 10. The leachant was sampled and replaced 

after cumulative leach times of 2 h, 7 h, 24 h, 14 days, 

28 days, 43 days and 90 days. The concentrations of 

Cs-134 in the leachates were analysed using gamma 

spectrometer. 

The incremental leaching rate is the fraction 

leached per unit time (F/d). The incremental fraction 

leached rate (ILR) can be calculated by the 

following equation: 
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ILR = [(An/A0)/ ( Δt)n]             (Eq. 1) 

 

where, 

 

An is the quantity of a nuclide released from the 

specimen during leaching interval n (Bq). 

A0 is the total quantity of a given radionuclide in the 

specimen in the beginning of the first leaching 

interval (Bq).  

 

(ΔT)n = tn-tn-1 is the duration of the n’th leaching 

interval (s) 

 

For the cumulative fraction leached (CFL), it can be 

calculated as follows: 

 

 CFL = Σan/ A0                     (Eq.2) 

 

where, 

 

 Σan is the cumulative quantity of a nuclide released 

from the specimen from the beginning of the first 

leaching interval to the end of leaching interval of 

concern (Bq). The percent release is calculated by 

multiplying CFL x 100. 

 

It is assumed that if less than 20% of a leachable 

species is leached from uniform, regularly shaped 

solid, its leaching behavior approximates that of a 

semi-infinite medium [12]. Thus, the effective 

diffusivity is calculated using this following equation: 

 

 

D =    π   An/A0     
2     V   2                           (Eq.3) 

                 (Δt)n          S       

 

where,  

 

D is the effective diffusivity (cm2/s) 

V is the volume of specimen (cm3) 

S is the geometric surface area of the specimen as 

calculated from measured dimensions (cm2) 

T is the leaching time representing the mean time of 

the interval (s) and calculated as follows: 

 

T = [½(tn
1/2 + t n -1

1/2] 2             (Eq.4) 

 

However, if more than 20% of leachable species, D 

can be calculated from a shape specific solution of 

the mass transport equations using tabular or 

graphical method as shown in ANSI/ANS-16.1-

2003[12]. Thus, D can be calculated using the 

following equation: 

 

D = G d2/ t             (Eq.5) 

where, 

 

G is a time factor for the cylinder, dimensionless that 

can be obtained from the table A.1 in ANSI/ANS-

16.1-2003 [12]. To use this table, cumulative leached 

fraction and length-over-diameter (l/d) ratio are 

calculated to obtain the G value.  

d is the diameter of the cylinder (cm) 

t is the elapsed leaching time since the beginning of 

the first leaching interval (s) 

 

Once the effective diffusivity values are determined, 

the leachability index (Li) can be calculated using 

this following equation: 

 

Li =1/n log [β/D]              (Eq.6) 

 
where, 

 

Li is leachability index (dimensionless) 

β is constant, 1 cm2/s 

n is leach interval 

D is effective diffusivity (cm2/s) 

 

The leachability index is defined as the log of the 

reciprocal effective solid diffusion coefficient [15]. 

Based on NRC requirement, the leachability index as 

calculated in accordance with ANSI/ANS 16.1 should 

be greater than 6.0, which is considered satisfactory 

for an encapsulation process [16]. 

 

2.5  Compressive Strength 

 

After 90 days of leach testing, the compressive 

strength test was conducted to the specimens. The 

compressive strength test was conducted 

accordance to ASTM C39 / C39M - 05 [17]. For each 

formulation, three specimens were tested and the 

average values of compressive strength were 

reported. The compressive strength was measured 

using the ENERPAC compression tester (Model P-

84/USA) with a maximum load of 1000 psi/700 bar. 

The criterion of mechanical strength for cement 

waste form more than 3.45 MPa (500 psi) was used to 

evaluate the waste form as recommended by the US 

Nuclear Regulatory Commission (NRC) Standard [16]. 

The comparison of the compressive strength was also 

made with the standard curing specimen (age of 28 

days).  

 

 

3.0  RESULT AND DISCUSSION 

 
3.1  Properties of Biochar 

 

Table 1 shows the result of elemental content of EFB 

biochar. It was found that carbon is the highest 

content in EFB biochar followed by nitrogen and 

hydrogen. Based on International Biochar Initiative 

(IBI) Standard (IBI-STD-01.1), this EFB biochar can be 

considered as a class 2 biochar (30 - 60% of carbon 

content) [18].  Generally, the hydrogen/carbon (H/C) 

ratio indicates the degree of carbonization [19] 

which is related to unburned of fuel material such as 

cellulose and lignin [20]. In this study, the H/C ratio of 

EFB biochar was 0.1 and can be considered low, 

which indicates that the biochar is highly carbonized. 

The H is primarily associated with the organic matter 

T 
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in biomass [21] and the low value of H indicates that 

EFB biochar has low organic matter content.  
 

Table 1 Elemental composition of EFB biochar 

 

Element  Value (wt %) 

C  

H  

N  

S  

45.3 ±11.6 

2.5 ± 0.22 

3.01±1.32 

<0.05 

 

 

Figure 1 shows the SEM micrograph of biochar at 

1000x and 500x magnification. As shown in Figure 

1(a) and 1(b), the EFB biochar possesses well-defined 

pores structure and the smooth wall surfaces. This 

porous structure of biochar is beneficial for the 

removal of contaminants [22]. The result of EDAX 

(Figure 1(c)) showed that the amount silica in EFB 

biochar was about 2.4 %, which is considered low. 

Since the silica content was low and the carbon 

content was high it is believed that EFB biochar may 

has a low pozzolanic activity. XRD spectra of EFB 

peak are showed in Figure 2 and there are two 

diffracted peaks were observed. It could be said that 

EFB was amorphous material with little crystalline. The 

FTIR spectra of EFB biochar are shown in Figure 3. The 

spectra of EFB biochar display the bands containing 

O-H, C-H, C=O and C-O stretch. These functional 

groups can interact with cation to form surface 

complexes on biochars [10].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

   
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1 SEM image of biochar showing (a) pore structure 

(at 500x magnification), (b) smooth wall surface (at 1000x 

magnification) and (c) elemental composition by EDAX  
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Figure 2 XRD spectra of EFB biochar

 

 

              
 

Figure 3 FT-IR spectrum of EFB biochar 
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3.2  Leaching Characteristics of Cs-134 

 

The incremental leaching rates (ILR) obtained from 

Cs-134 immobilised in cement-biochar matrices are 

shown in Figure 4(a-c). As seen in Figure 4, it was 

found that the incremental leaching rates of Cs-134 

from the cement-biochar matrices decrease with 

time. The incremental leaching rates of Cs-134 from 

the cement-biochar matrices with 5%, 11% and 18% 

biochar measured after 90 days were in the range of 

4.8 x10-10 – 2.8 x 10-7 cm/d, 5.8 x 10-10 – 3.2 x 10-7cm/d 

and 4.6 x 10-10 – 1.5 x 10-7 cm/d, respectively. The 

variation in the leaching rates of the cement-biochar 

matrices may be related to their porosity. It seems 

that the leaching rates were influenced by the 

amount of biochar in the specimens. It is believed 

that the addition of biochar change the porosity of 

the cement matrix. However, based on the Figure 4, 

the specimen with 11% biochar content was the 

lowest among the three specimens. The incremental 

leaching rates for the three specimens in this study 

were ranked according to this following order: CBC 

18% > CBC5% > CBC 11%. Thus, the 11% of biochar 

should be selected as the admixture for cement 

because it showed a very low incremental release 

rate. 

Figure 5 presents the cumulative fraction leached 

(CFL) of Cs-134 from the cement-biochar matrices 

with different amount of biochar. It was found that 

the CFL increases linearly with the square root of time 

in 90 days of leaching test. As shown in Figure 5, the 

specimen with 11% biochar showed much lower CFL 

compared to the specimen with 5% and 18% 

biochar. This finding suggests that the optimum value 

of biochar appears at 11%. The result also reveals 

that the released data indicates that about 1.6 - 2.2 

% of initial Cs-134 was released from the cement-

biochar matrices after 90 days of leaching test. Since 

the leaching of Cs-134 was less than 20%, it seems 

that the leaching behavior of Cs-134 from cement-

biochar matrix approximates that of a semi-infinite 

medium [12]. However, the mechanism that fully 

controls the leaching process can be determined by 

the slope of linear regression of the logarithm of CLF 

versus the logarithm of time [23]. Furthermore, the 

slope value of 0.35 indicates that the controlling 

leaching mechanism is surface wash-off, 0.35 - 0.65 is 

diffusion control and > 0.65 represents the dissolution 

mechanism [24]. Table 2 provides the slope of linear 

regression from the plot of the logarithm of CLF versus 

the logarithm of time for the cement-biochar 

matrices with 5%, 11% and 18% of biochar. From the 

data in Table 2, it is apparent that the slope values 

for the cement-biochar matrices with 5% and 11% 

biochar were less than 0.35 and thus indicate the 

surface wash off mechanism. Moreover, this surface 

wash-off mechanism is related to the release of 

soluble complexes on the surface of the specimen 

[25]. While, the slope value for the cement-biochar 

matrix with 18% biochar was 0.40, which demonstrate 

the diffusion mechanism. For the diffusion 

mechanism, the leaching process occurred through 

the pore space in the waste form.  
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(a) Specimen with 5% biochar content 
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(b) Specimen with 11% biochar content 
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(c) Specimen with 18% biochar content 

 
Figure 4 Incremental leaching rates of Cs-134 from cement-

biochar matrix with different biochar content (a-c) 
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Figure 5 Leachability of Cs-134 in cement-biochar matrix at 

different percentage of biochar 
 

Table 2 The slope of linear regression from the plot of 

logarithm of CLF versus the logarithm of time and R2 

(correlation coefficient) for the specimen with 5%, 11% and 

18% of biochar content 

 

Specimen Slope R2 

CBC5% 0.31 0.94 

CBC11% 0.30 0.99 

CBC18% 0.40 0.91 

 

 

Table 3 shows the mean effective diffusivity (D) and 

the leachability indices of Cs-134 from the cement-

biochar matrix for 90 days of leaching test, as well as 

the comparison with other leaching studies which 

also used the ANSI/ANS-16.1 method. It appears from 

table 3 that, the specimen with 11% biochar has the 

lower value of effective diffusivity than the specimen 

with 5% and 18% biochar. The effective diffusivity 

obtained from this study and other studies were 

found differ enormously. Generally, the lower the 

effective diffusivity the higher leachability index and 

thus the greater the retention of radionuclides in the 

waste form [26]. As shown in Table 3 the leachability 

indices for Cs-134 were greater than 6 and thus, 

indicate a very slow diffusion. This finding suggests 

that the addition of biochar may affect the leaching 

behavior of Cs-134 from the cement matrix. However, 

in the actual condition the release of radionuclides 

from disposed waste may also influence by disposal 

environment such as the disposal system and the 

flow of groundwater [27]. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 3 Average effective diffusivity (D) and leachability index (Li) of Cs-134 from cement-biochar matrix and the comparison with 

other leaching studies 

 

Binder Type of Waste Admixture Leaching 

Time 

(Day) 

Volume/ 

Surface 

Area (cm3) 

Average 

D (cm2/s) 

Li Source 

Cement Cs-134 solution Biochar,  

5% 

11% 

18% 

90 10  

2.7 x 10-12 

1.9 x 10-12 

2.3 x 10-12 

 

12.1 

12.4 

12.0 

This study 

Cement Borate 

radioactive 

resins (Cs-137) 

Zeolite, 5% 42 12.7 1.4 x 10-9 8.85 [29] 

Cement Cement 

solidified 

waste (Cs-137) 

- 90 10 1.2 x 10-9 - 3.3 

x 10-9 

8.55-

9.02 

[32] 

Fly ash 

belite 

cement 

Cs-134 solution zeolite 90 10 2.8 x 10-9 8.6 [33] 

 

 

 

3.3  Compressive Strength 

 

Figure 6 shows the compressive strength of the 

specimen after 90 days of leaching test versus the 

compressive strength of the standard curing 

specimen (28 days of age). Comparing with the 

standard curing specimen (28 days of age), the 

strength increases about 12% for the specimen with 

5% of biochar and about 2.4% for specimen with 11% 

of biochar. Based on the result, the increase of the 

compressive strength after the specimen underwent 

the leaching test indicates that the further hydration 
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occurred when the specimen in contact with the 

water. It is believed that a part of water will 

penetrate into the structural cemented waste 

interlayer and leading to a decrease of the external 

porosity [28]. When the voids are filled with 

precipitated phases, the material strength could be 

increased by the segmentation of the porosity and 

by the different nature of the precipitated phases. 

However, the compressive strength was found 

decreased for the specimen with 18% of biochar. The 

decreased of the compressive strength may be 

related to the porous physical structure of biochar, 

which can absorb and retain water. Too much water 

in the specimen will increase the dissolution and 

leaching of CH in the water [28]. Therefore, it can 

increase the porosity of the cement matrix and lower 

the strength.  
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Figure 6 Compressive strength of the specimen after 90 days 

of leaching vs. the specimen at 28 days of age 

 

 

4.0  CONCLUSION 
 

The leaching behavior of Cs-134 from cement-

biochar matrix was investigated. The experimental 

results have shown that the addition of biochar 

affects the leaching behavior of Cs-134 in the 

cement matrix. It could be stated that the addition of 

biochar to the cement has changed the porosity of 

the cement matrix in which the surface of cement 

matrix appears more heterogeneous. It is believed 

that porous structure of biochar plays a role in 

retained of Cs-134 in the cement-biochar matrix. 

However, the optimum value of biochar was 

apparently at 11% which showed the lowest 

leachability of Cs-134 and the highest compressive 

strength after 90 days of leaching test compared to 

5% and 18% of biochar. The leaching of Cs-134 from 

the cement-biochar matrix was found less than 20% 

and suggests that the leaching behavior of Cs-134 

from the cement-biochar matrix approximates that 

of a semi-infinite medium. Based on the data 

obtained from this study, it was found that the 

mechanism involved in the leaching of Cs-134 from 

the cement-biochar matrix was surface wash-off and 

diffusion mechanism. The leachability indexes of all 

cement-biochar matrices were above the 

recommended minimum of 6 that allowed their 

acceptance for disposal. Further work on the 

leachability of cesium in different types of leachant 

such as groundwater, rainwater and sea water need 

to be performed for fully assess the leaching 

behavior of cesium from the cement-biochar matrix 

in the disposal environment.  

 

 

Acknowledgements 
 

The authors would like to thank the Ministry of 

Science, Technology & Innovation, (MOSTI) for the 

financial funding under the Sciencefund program 

(Project No. 03-03-01-SF0135) and Nuclear Malaysia 

for providing laboratory facilities for this work.  

 

 

References 
 

[1]  Sakr, K., Sayed, M. S., and Hafez, M. B. 2003. Immobilization 

Of Radioactive Waste In Mixture Of Cement, Clay And 

Polymer. Journal of Radioanalytical and Nuclear 

Chemistry. 256(2): 179-184. 

[2]  Ojovon, M. I and Lee, W. E. 2005. An Introduction Of 

Nuclear Waste Immobilization. Oxford: Elsevier Ltd. 

[3] Glasser, F. 2011. Application Of Inorganic Cements To The 

Conditioning And Immobilisation Of Radioactive Wastes. 

In Michael Ojovon (ed.) Handbook Of Advanced 

Radioactive Waste Conditioning Technologies. 

Woodhead Publishing, Cambridge. 

[4]  Pleces, I., Pavlovic, R. Pavlovic and S.Pavlovic. 2004. 

Leaching Behavior Of Co-60 And Cs-137 From Ion 

Exchange Resins In Cement-Bentonite Clay Matrix. Journal 

of Nuclear Materials. 327: 171-174. 

[5]  Manaseer, A. A and L. D Kiel. 1992. Physical Properties of 

Cement Grout Containing Silica Fume and Super 

Plasticizer. ACI Mater.J. 89(2): 157-160. 

[6] Bagosi, S., Csetenyi, J. 1999. Immobilisation Of 

Caesiumloaded Ion Exchange Resins In Zeolite-Cement 

Blends. Cement and Concrete Research. 29: 479-485. 

[7]  Pleces, I. 2003. Leaching Of 137Cs From Spent Ion 

Exchange Resins In Cement Bentonite Clay Matrix. Acta 

Chim.Slov. 50: 593-596. 

[8]  Chen, C., Chen, G., Chen, L., Chen, Y., Lehmann, J. and 

McBride, B. 2011. Adsorption Of Copper And Zinc By 

Biochars Produced From Pyrolysis Of Hardwood And Corn 

Straw In Aqueous Solution. Bioresource Technology 

102(19): 8877-8884.  

[9]  Yao, Y., M.Inyang, A.R., Zimmerman and X.Cao, 2011. 

Removal of Phosphate From Aqueous Solution By Biochar 

Derived From Anaerpbicaly Digested Sugar Beet Tailings, 

Journal of Hazardous Materials. 190: 501-507. 

10]  Tong, X. J, Li, J. Y. and Xu, R. K. 2011. Adsorption of Cu (II) 

By Biochars Generated From Three Crop Straws. Chemical 

Engineering. 172(2-3): 828-834. 

[11] Kumar, S., Loganathan, V. A., Gupta, R. B. and Barnett, M. 

O. 2011. An Assessment Of U(VI) Removal From 

Groundwater Using Biochar Produced By Hydrolthermal 



67          Zalina, Muhamad Samudi, & Mohd Abd Wahab / Jurnal Teknologi (Sciences & Engineering) 78:7 (2016) 59–67 

 

 

Carbonation. Journal of Environmental Management. 92: 

2504-2512. 

[12] American Nuclear Society. 2004. Measurement Of The 

Leachability Of Solidified Low-Level Radioactive Wastes By 

Short-Term Test Procedure. ANSI/ANS-16.1-2003. Illinois: 

American Nuclear Society. 

[13] McCulloch, E. Angus, M. J., Crawford, R. W. and Rahman, 

A, Glasser, F. P. 1985. Cements In Radioactive Waste 

Disposal: Some Mineralogical Considerations. 

Mineralogical Magazine. 49: 211-221. 

[14] Abdel Rahman, R. O. and Zaki, A. A. 2009. Assessment Of 

The Leaching Characteristics Of Incineration Ashes In 

Cement Matrix. Chemical Engineering Journal. 155: 698-

708.  

[15] Gilliam, T. M. Sams, T. L. and Pitt, W. W. 1986. Testing 

Protocols For Evaluating Monolithic Waste Form 

Containing Mixed Waste. Ceramic Advances. 20: 220-230. 

[16]  NRC-U.S. Nuclear Regulatory Commission. 1991. Waste 

Form Technical Position. Revision 1. U.S. Nuclear 

Regulatory Commission, Washington, D.C 

[17] ASTM Standards, 2008. Standard Test Method For 

Compressive Strength Of Cylindrical Concrete Specimen 

C39/C39M-05. ASTM International. United States. 

[18] IBI. 2012. Standardized Product Definition And Product 

Testing Guidelines For Biochar That In Used In Soi1. 

[Online]. From: http://www.biochar-international.org 

[Accessed on 17 September 2015]. 

[19] Chen, C., Chen, G., Chen, L., Chen, Y., Lehmann, J. and 

McBride, B. 2011. Adsorption Of Copper And Zinc By 

Biochars Produced From Pyrolysis Of Hardwood And Corn 

Straw In Aqueous Solution. Bioresource Technology. 

102(19): 8877-8884.  

[20] Krull, E. S. Baldock, J. A. Skjemstad, J. O and Smernik, R. J. 

2009. Characteristics of Biochar:organo-chemical 

Properties. In. Johannes Lehmann and Stephen Joseph 

(ed.). Biochar Environmental Management: Science and 

Technology. United States: Eco Publishing. 

[21] Lehmann, J. and Joseph, S. 2009. Biochar For 

Environmental Management: An Introduction. In 

Johannes Lehmann and Stephen Joseph (ed.). Biochar 

Environmental Management: Science and Technology. 

United States: Eco Publishing. 

[22] Tan, X., Liu, Y., Zeng, G., Wang, X., Hu, X., Gu, Y. and Y. Z. 

2015. Application Of Biochar For The Removal Of 

Pollutants From Aqueous Solutions. Chemosphere. 125: 70-

85. 

[23] El-Doussouky, M. I., El-Masry, H. E., El-Kamash, A. M. and El-

Shahat, M. F. 2012. Leaching And Mechanical Properties 

Of Cement-Polyacrylamide Composite Developed As 

Matrices For Immobilization Of Cs-137 and Co-60 

Radionuclides. Nature and Science. 10(12): 172-177. 

[24] Bae, K. S. and Lee, J. O. 1996. Immobilization of Ion-

Exchnage Resins With A Mixture Of Cement And 

WEP/Zeolan 900-Na Additives And Radionuclides 

Leaching. Environ. Eng. Res. 2(1): 61-71. 

[25] Sun, Q., Li, J. and Wang, J. 2011. Solidification Of Borate 

Radioactive Resins Using Sulfoalumintae Cement Blending 

With Zeolite. Nuclear Engineering and Design. 241: 5308-

5315. 

[26]  Abdel Rahman, R. O., Rakhimov, R. Z., Rakhimova, N. R. 

and Ojovon, M. I. 2015. Cementitious Materials For Nuclear 

Waste Immobilization. United Kingdom: Wiley. 

[27] Gilliam, T. M., and Wiles, C. C. 1996. Stabilization and 

Solidification of Hazardous, Radioactive, and Mixed 

Waste. United States of America: ASTM Publication. 

[28]  Weng, T. L. and Cheng, A. 2013. Influence of Curing 

Environment on Concrete with Crystalline Admixture. 

Monatshefte für Chemie-Chemical Monthly. 145:195-200. 

 


