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Abstract. This research is a comparative study, the use of carbon fiber and steel fiber for Self 

Compacting Concrete (SCC). In previous studies, it was proven that the addition of steel fibers can 

increase the compressive and tensile strength of SCC. While carbon fiber is one of the most widely 

used materials for structural reinforcement in recent years. Therefore it is necessary to do a 

comparative study of the use of carbon fiber if applied to SCC. The percentage increase in carbon 

fiber and steel is 0.5%, 1%, and 1.5%. Then do the testing of: slump test, compressive strength, tensile 

strength and flexural strength. The results showed the optimal percentage of steel fiber addition of 

1.5%, can increase the compressive strength of SCC by 11%. However carbon fiber and steel do not 

increase the tensile strength of SCC, and tend to reduce flexural strength. Other results show that 

carbon fiber is not suitable for use in SCC. 

Introduction 

The progress of self-compacting concrete (SCC) technology is very helpful and beneficial for large 

volumes and very tight reinforcement distances. Some of its advantages include increased work 

productivity, reduced labor force, and elimination of vibrators [1-3]. However, there is continuous 

research on its developed, one of which is the addition of fiber to improve the mechanical properties 

of concrete [4]  

    However, this is likely to affect the workability of concrete because it has a higher specific surface 

compared to aggregates with the same volume. In addition, its use in a concrete mixture reduces 

workability depending on the type and content of the fiber utilized [5]. Addition of fiber in the 

concrete mixture increases compressive and tensile strength, thereby, making it more durable. 

   Previous research on the effect of adding 2% of steel fiber to the SCC mixture led to an increase in 

the tensile strength by 28.5%, with reduced workability [6]. Addition of steel fibers inhibits and 

increase the resistance of the concrete to cracking [7,8,9]. 

  Carbon Reinforced Polymer (CFRP) has the advantage of having higher strength, a low weight, high 

stiffness, corrosion resistance, lower maintenance costs and faster installation time [10] 

  SCC Mix Design refers to previous studies [11]. However, modifications were made with the 

addition of a water volume of 4.9% and PCE type super plasticizer of 3.1%, which is capable of 

increasing concrete compressive strength by 26.77% [12]. 

   This research therefore is a comparison of the use of steel and carbon fiber to the mechanical 

properties of SCC. It furthermore aims at producing the optimal percentage of fiber addition to 

improve the performance of SCC. 

mailto:cpermatasari563@gmail.com


 

Methodology  

Material  OPC (Ordinary Portland Cement), coarse aggregate (10-20) mm and fine aggregate, type F 

fly ash from PT. Adhimix. In Table 1 shows the results of fine aggregate testing for Silica fume and 

Polycarboxylate Ether Superplasticizer (PCE). 

Table 1 Fine aggregate test results 

Test type Result Tolerance      Standard 

Material Pass the Sieve 

No. 200 (%) 

1,70 maximum of 

3% 

ASTM C. 117-95 

Specific Gravity SSD 2,60 Minimal 2,55 ASTM C. 128-93 

Absorption (%) 1,83 Maksimal 4% ASTM C. 128-93 

Fine Modulus 2,58 2,3 – 3,1 ASTM C. 33 

Fill Weight 1,487 Minimal 1,2 ASTM C. 29-97 

Organic Content 3 maximum 3 ASTM C. 40-92 
 

The SCC mix design is shown in Table 2, with the proportion of specimens mix design in 1m3 

The C specimen is referenced by SCC concrete (without fiber), while the C1, C2, and C3 carbon 

fibers have an additional 0.5%, 1%, 1.5%.  

Table 2. The proportion of specimens mix design  

Material  Unit C C1 C2 C3 S1 S2 S3 

OPC kg 400 400 400 400 400 400 400 

Silica Fume kg 50 50 50 50 50 50 50 

Carbon fiber kg 0 2,25 4,5 6,75 0 0 0 

Steel fiber kg 0 0 0 0 2,25 4,5 6,75 

Coarse 

Aggregate 
kg 

657 657 657 657 657 657 657 

Fine 

Aggregate  
kg 

904 904 904 904 904 904 904 

Fly ash  kg 250 250 250 250 250 250 250 

PCE  kg 26,5 26,5 26,5 26,5 26,5 26,5 26,5 

Water   Liter 233,5 233,5 233,5 233,5 233,5 233,5 233,5 

 

   The carbon fiber used in this study is from PT. Fosroc Indonesia with brand of FRC 300, while the 

Steel fiber was from Dramix D. The technical data of both fibers is shown in Table 3 and Fifure 1. 

Show carbon and steel fiber.     

Table 3: Technical data on carbon fiber and steel 

Grade  Carbon Fiber  

(FRC 300) 

Steel Fiber (Dramix 3 D) 

Weight  300 (g/m2) 4.584 fibres/kg 

Thickness  0.167 (mm) Length :60 mm 

Diameter 0,75 mm 

Tensile Strength 

(MPa) 

3841 1225 

Tensile 

Modulus(GPa)  

230 210 

 



 

 

 

 

 

 

Carbon fiber                                          Steel fiber 

                                                      Fig. 1 Carbon fiber and steel fiber 

   Tests were carried out to determine the slump value in concrete meets the test requirements of SCC, 

where the slump flow test requirements are 65-85 cm and t50 at 2-5 seconds [13]. 

The compressive strength of 3.7, was obtained in 28 days using ASTM C 39/C 39M-01, while, the 

tensile strength of the same values were also acquired using ASTM C 496-96. Flexural testing by 

ASTM C78 / C78-18 resulted in a beam specimen of 150 mm x 150 mm x 600 mm, tested at 28 days. 

   The tests performed are shown in Figure 3. Reference and fibrous SCC concrete were carried out by 

slump flow test and t50 

 

 

 

 

 

 

 

 

Fig.2 Testing carried out on the sample 

Result and Discussions 

    Slump test results as shown in Table 4. Based on the test results, it turns out that the reference SCC 

concrete (C), the percentage of carbon fiber 0.5% (C1), 1% (C2), percentage of steel fiber 0.5% (S1), 

1 % (S2) and 1.5% (S3) steel, meet the requirements as SCC concrete. While Carbon fiber with a 

percentage of 1.5% produces slump below the standard, this is due to clumping of carbon fiber so that 

it does not meet existing requirements. So for the next sample addition of carbon fiber C3 no further 

testing of the mechanical properties (compressive strength, tensile and flexural) 

 

 

 

 

 

 



 

 

 

 

              Tabel 4. Slump value 

Code  
t50 

(detik) 

Standart

50 

(detik) 

Slump

Value 

(cm) 

Standart 

SCC (cm) 

C 5 

2 - 5 

67 

65 - 85 

C1 5 74 

C2 5 71 

C3 - - 

S1 4 73 

S2 4 75 

S3 4 78 

  

The compressive strength test results are seen in Figure 3. At 3 to 7 days, fibrous concrete increased 

the compressive strength, without changing its value. However, on the 28 day, the control and fibrous 

concrete (carbon fiber and steel fiber) increased, with the value of compressive strength C, C1, C2. 

C3, S1, S2, and S3equals 40.11 MPa, 28.41 MPa, 14.83 MPa, 36.92 MPa, 39.79 MPa, and 44.56 MPa 

respectively. 

 
 

Fig.3 Result of testing the Compressive Strength 

   The results of this test indicate that the use of carbon fiber with high tensile strength and modulus of 

elasticity which is incompatible when used as an additive in SCC. The percentage of carbon fiber 

addition resulted in a decrease in compressive strength compared to the reference concrete. This is 

due to carbon fiber clumping during mixing, thereby, disrupting its homogeneity. Whereas in steel 

fibers, its addition percentage tends to increase the compressive strength, with an optimum percentage 

of 1.5%, which is in line with previous studies [14]. 

The tensile test results are shown in Figure 4. At 28 days the strength of carbon and steel namely C, 

C1, C2, S1, S2, and S3 were 3.98 MPa, 3.92 MPa, 1.99 MPa, 3.4 MPa, 3 , 4 MPa, 3.45 MPa and 3.98 

MPa respectively. The result of tensile strength with the percentage of steel fiber addition has a tensile 

strength close to the reference SCC, this is because of the adhesive between the concrete and steel 

fibers. While the percentage of carbon fiber addition shows a decrease in tensile strength. 



 

 
 

Fig.4 Result of testing the Tensile  Strength 

The results of the flexural strength test shown in Figure 5, indicates the value between 7 and 28 days 

with values of 3.05 MPa and 4.94 MPa. In fibrous concrete (carbon and steel fibers), C1, C2, S1, S2, 

and S3 have flexural strength values of 3.30 MPa, 2.39 MPa, 3.72 MPa, 3.50 MPa, and 3.67 MPa 

respectively, where the flexural strength value increased but not significant. These results are in line 

with previous researches [15]. 

 

 

 
 

Fig.5 Result of testing the Flexural Strength 

 

Summary 

 

Based on the results of this experimental study, the following summary were drawn: 

1. Addition of 1.5% optimum steel fiber is capable of increasing the compressive strength by 11%  

    of the reference concrete.  

2. Carbon and steel fibers do not significantly increase the tensile strength of SCC and tend to 

reduce its flexural strength 

3. Carbon fiber is not suitable for use in SCC. 
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Abstrak 
 
Trend penelitian saat ini, lebih fokus pada bagaimana mengurangi penggunaan semen dan mengatasi masalah 
limbah industri salah satunya fly ash. Upaya yang dilakukann yakni mengembangkan geopolimer dengan fly ash 
sebagai bahan utama, dan   menggunakan Natrrium Hidroksida (NaOH) dan Sodium Silicate (Na2SiO3) sebagai 
activator. Tujuan dari penelitian ini adalah  menghasilkan  rasio NaOH : Na2SiO3 yang paling optimum dan 
menghasilkan paving block yang sesuai standar SNI. Dalam penelitian ini rasio activator NaOH : Na2SiO3 yang 
digunakan sebesar 1: 0,5 ; 1:1 ; 1:1,5 ; 1:2 dengan konsentrasi molaritas 11 M. Kemudian dibuat sampel uji 
berupa paving block dengan ukuran (200 x 110 x 80). Pengujian dilakukan kuat tekan pada umur ke 7, 14, dan 
28 hari dan uji  penyerapan air pada umur 28 hari. Hasil  penelitian  memperlihatkan rasio optimum activator 
adalah 1:2, menghasilkan paving block dengan kuat tekan dan workability yang tinggi.  Kemudian rasio 1:1 ; 
1:1,5 ; 1:2  memiliki kuat    lebih  dari  17  MPa termasuk mutu B dapat digunakan untuk area parkir. 
sedangkan rasio 1:0,5, menghasilkan paving mutu C dapat digunakan untuk pejalan kaki. Perbandingan harga 
paving geopolimer tersebut dengan harga paving berbahan semen yang beredar di pasaran juga turut 
dipresentasikan. Benefit dari penelitian ini,  dapat menjadi salah satu solusi untuk mengatasi isu pencemaran 
lingkungan dan limbah industri..  
 
Kata-kata Kunci: Paving Geopolimer, Fly Ash, Kuat Tekan, Penyerapan air.  
 
Abstract 
 
Current research trends are focused on reducing the use of cement and managing industrial waste, including fly 
ash, which is handled through its proper use as the main ingredient in geopolymers, along with Sodium 
Hydroxide (NaOH) and Sodium Silicate (Na2SiO3) as activators. This study, therefore, aims to produce the most 
optimal NaOH activator: Na2SiO3 ratio required in the production of concrete Paving block under the SNI 
standards, and those evaluated in this study include 1:0.5, 1:1, 1:1.5, and 1:2 with 11 molarity concentrations. 
In addition, the samples investigated were 200 x 110 x 80 cm concrete paving block, and compressive strength 
testing was performed on day 7, 14, and 28, while water absorption was assessed on a 28-day. The results 
showed 1:2 to be the optimal ratio, based on the high compressive strength and the superior workability of its 
concrete paving block. Furthermore, it was established that the activator ratios of 1:1, 1:1.5, 1:2 produced B-
quality concrete paving block, with a compressive strength of 17 MPa, with possible application in a parking 
area. Also, the 1:0.5 preparations were of C quality with the probability of being used on the sidewalk. The 
comparison of the price of geopolymer paving and cement based paving is also presented. Thus, the study 
outcomes were candidates for adoption in the quest to overcome environmental pollution and industrial waste. 
 
Keywords: Geopolymer Paving, Fly Ash, Compressive Strength, Water absorption. 
 
1. Pendahuluan 
 
Penggunaan semen sebagai pengikat pada campuran beton dan mortar berdampak negatif terhadap lingkungan. 
Data menunjukan sebanyak 7% gas CO2  yang ada di atmosfer berasal dari industri semen, karena 

memproduksi 1 ton semen akan menghasilkan 1 ton gas CO2 ke dalam atmosfer dan menjadi salah satu pemicu 

pemanasan global [1,2]. Kemudian limbah  dari PLTU  berupa  fly ash dan bottom  ash  yang berpotensi 
mencemari lingkungan dan termasuk limbah B3. 
Berbagai penelitian inovasi telah dilakukan untuk mengurangi penggunaan semen atau tanpa menggunakan 
semen sama sekali  dikenal sebagai geopolimer.  Hasil penelitian menunjukan bahwa geopolimer dapat menjadi 
salah satu solusi mengatasai  limbah logam berat yang berbahaya dari industri modern dan dapat digunakan 

sebagai bahan pengganti semen [3,4]. 
Salah satu pemanfaatan perkembangan geopolimer dalam mengatasi masalah limbah Fly ash yakni dengan 
dijadikan sebagai paving block. Hal ini seiring dengan meningkatnya kebutuhan terhadap paving block karena 
memiliki beberapa keuntungan antara lain:  ramah lingkungan dan  sangat baik dalam membantu konsevasi air 

tanah,  mudah dan cepat dalam pemasangan. Menurut peneliti lain Kemudian  peneliti lain menyatakan bata 



geoplimer dapat mengurangi emisi CO2 hingga 59 % dibandingkan pembauatn batu bata dengan proses 
pembakaran [5]. 
Fly ash sangat   potensial   untuk   dimanfaatkan   sebagai   bahan   campuran paving   block geopolimer karena 
mengandung nilai silica dan alumunia yang tinggi. Fly Ash yang  digunakan  diaktifkan  dengan  larutan  alkali  

berupa  Sodium Hidroksida (NaOH) dan Sodium Silikat (Na2SiO3) sebagai katalisatornya. Campuran aktivator 
NaOH dan Sodium silikat pada geopolimer lebih mudah dibuat dan ramah lingkungan dalam hal toksisitas dan 

leaching [6-13]. 
Larutan alkali tinggi digunakan untuk mengaktifkan fly ash untuk membentuk pasta yang mengikat aggeragat 
kasar  dan agregat halus dan bahan tidak bereaksi lainnya dicampuran. Hasil penelitian mengungkapkan bahwa 

heatcured pada Geopolimer akan menghasilkan kuat tekan yang relatif tinggi, susut rendah, dan ketahanan yang 
baik terhadap sulfat dan asam [8]. 
Proses pembuatan paving  block geopolimer  dengan  bahan fly  ash diharapkan  dapat  mengurangi  emisi  CO2 
dan mengurangi limbah B3 fly ash. Saat ini kebutuhan paving block pada industri pekerasan area parkir mobil 
(mutu B)  meningkat tinggi. 

Tujuan dari penelitian ini adalah  menentukan komposisi optimum variasi  rasio Na2SiO3 yang menghasilkan 
kuat tekan dan workability tinggi. Penelitian paving block geopolimer meliputi pengujian sifat mekanik  yakni 
kuat tekan BS 6717-1-1993,  dengan  persyaratan kuat  tekan  minimum  17  MPa  untuk  kategori paving  block 
mutu B yang dapat di aplikasikan untuk area parkir mobil. Sedangkan mutu C, kuat tekan minimum 12.5 MPa 

untuk area pejalan kaki.[9]. Sedangkan persyaratan  penyerapan air menurut SNI 03-0691-1996  untuk mutu B 
air rata-rata maksimum 6% , dan untuk mutu C sebesar  8% [10].  
Benefit penelitian  ini dapat menjadi salah satu alternatif mengatasi masalah semen dan fly ash menjadi material 
konstruksi berupa paving block geopolimer. 
 
 
2. Material 
 
Material yang digunakan pada penelitian ini adalah agregat kasar (kerikil) maksimum berukuran diameter 1 cm, 
agregat halus (pasir) dan fly ash tipe C berasal  dari PT. Adhimix Precast Indonesia, Air berasal dari 
laboratorium PT. Adhimix Precast Indonesia, Alkali aktivator yang digunakan adalah Serpihan Natrium 
Hidroksida  (NaOH) dan Larutan Sodium Silikat (Na2SiO3), pada Gambar 1. 
 
 

 

 

 

  

               Kerikil       Pasir                 Fly Ash            Sodium Silikat  NaOH                   Air 

 
                                    Gambar 1. Material yang digunakan dalam penelitian 

 
 

3. Metode Penelitian 
 
Penelitian ini dilakukan dengan tahapan sebagai berikut: persiapan bahan baku, trial mix, membuat rancang  
campur paving block geopolimer, pembuatan benda uji, pengujian benda uji (uji kuat tekan  dan penyerapan air), 
dan analisis hasil pengujian. Pembuatan benda uji paving block geopolimer dengan aktivator gabungan larutan 
NaOH dan Na2SiO3. Variasi rasio NaOH : Na2SiO3 sebesar 1:0,5 ; 1:1 ; 1:1,5 ; 1:2 dengan konsentrasi NaOH 
sebesar 11 M.  
Berdasarkan pembuatan larutan yang telah dilakukan sebelumnya bahwa untuk pembuatan NaOH 11 M dapat 
secara praktis dilakukan dengan melarutkan 440 gram kepingan NaOH dengan 800 ml air suling (800 gram). 
Kemudian larutan NaOH 11 M dengan volume 1  liter tersebut didiamkan selama ± 24 jam, lalu direaksikan 
dengan Na2SiO3 sesuai dengan takaran per perbandingan seperti terlihat pada Gambar 2. 
Pencampuran antara air dan serpihan NaOH harus dilakukan pada wadah tertutup dan di diamkan ± 6 jam, 
karena terjadi peningkatan suhu hingga 110º C. Fungsi dari di tutupnya wadah berisikan air dan serpihan NaOH 
atau yang di sebut alkali aktivator adalah menurunkan suhu campuran hingga 24º-27º C. Setelah itu larutan alkali 
activator di campurkan dengan Na2SiO3 yang berfungsi memperkuat ikatan polimerisasi. Pencampuran ini dapat 
meningkatkan suhu campuran hingga 40º, sehingga campuran harus di diamkan ± 6 jam dengan wadah tertutup. 
Hal ini berfungsi agar larutan activator yang nantinya akan dicampurkan dengan fly ash tidak terjadi gumpalan, 
dan dapat menyebabkan kegagalan dalam proses polimerisasi. 
 



 
 
 
 
 
 
 
 
 
 
 
 

                      Gambar 2. Proses pembuatan larutan aktivator 

 
 
Pada Tabel 1 terlihat proporsi campuran paving block geopolimer dengan variasi rasio activator. 
 
 

Tabel 1. Proporsi campuran Paving Block Geopolimer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sedangkan untuk variasi rasio aktivator dan jumlah sampel paving block berukuran  200  x 110  x  80 mm dapat 
dilihat pada Tabel 2. 
 
 

Tabel 2. Variasi rasio aktivator dan jumlah sample paving block 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pengujian yang dilakukan adalah pengujian kuat tekan pada umur 7, 14 dan 28 hari. Pengujian penyerapan air 
dengan cara perendaman juga dilakukan untuk paving yang berumur 28 hari. Pengujian yang dilakukan dalam 
penelitian ini diberikan pada Gambar 3 dan Gambar 4 berikut. 
 
 
 
 
 
 
 
 
 

Fly 

Ash 

Agregat NaOH 

Variasi 
Aktivator 

/FA Kasar Halus (M) 

1 1,36 2,53 11 1:0,5 0.37 

1 1,36 2,53 11 1:1 0.32 

1 1,36 2,53 11 1:1,5 0.28 

1 1,36 2,53 11 1:2 0.25 

Variasi rasio 

Aktivator 

Jumlah sampel 

(Buah) 

Jumlah sampel berdasarkan Umur (Hari) 

7 14 28 

1:0,5 18 6 6 6 

1:1 18 6 6 6 

1:1,5 18 6 6 6 

1:2 18 6 6 6 



 
 
 
 
 
 
 
 
 
 
 
  
 

                          Gambar 3. Pengujian kuat tekan paving geopolimer 

 
 
 
 
 
 
 
 
 
 
 
 

                Gambar 4. Pengujian penyerapan air paving geopolimer 

 
 
 

4. Hasil dan Pembahasan 
 
 

Paving geopolimer yang dihasilkan pada penelitian ini memiliki bentuk dan penampilan yang hampir sama 

dengan paving berbahan semen. Semakin banyak larutan natrium silikat (Na2SiO3) yang diberikan semakin baik 

dan halus permukaan paving yang dihasilkan. Berbagai produk paving geopolimer penelitian ini ditampilkan 

pada Gambar 5 berikut. 

 

 

 

 

 

 

 

 

 

 
                           Gambar 5. Produk paving geopolimer yang dhasilkan 

 

 

Pada Gambar 6. memeperlihatkan hasil pengujian kuat tekan paving block geopolimer,  nilai kuat tekan tertinggi 

pada umur 28 hari yaitu pada rasio 1:2 sebesar 28,25 MPa, dan nilai kuat tekan terendah pada rasio 1:0,5 yaitu 

11,59 MPa. Peningkatan penambahan rasio 1:0,5 sampai 1:1 kuat tekan mengalami peningkatan masing-masing 

sebesar 6,82 MPa atau sebesar 33.06%, pada variasi 1:1 sampai 1:1,5 mengalami kenaikan sebesar 5,48 MPa 

atau sebesar 20.98% kemudian pada variasi 1:1,5 sampai 1:2 mengalami kenaikan kembali sebesar 2,14 MPa 

atau sebesar 7,57%. Hal  ini menunjukan penambahan rasio NaOH :Na2SiO3 dapat meningkatkan kuat tekan hal 

ini sejalan dengan penelitian sebelumnya [11,12]. 
Hasil ini memperlihatkan paving  block rasio activator sebesar  1:1 , 1:1,5 ,1:2  memenuhi  persyaratan sebagai  
mutu B dapat diaplikasi pada area parkir. Sedangkan rasio  activator untuk  kategori  mutu C untuk area pejalan 
kaki. 
 
 
 



 
 

Gambar 6. Hubungan Umur Pengujian Terhadap Kuat Tekan Paving Block Geopolimer 

 
 
 

Pada Gambar 7. memperlihatkan hasil uji penyerapan air, dengan rasio  1:0,5 menghasilkan penyerapan air 

tertinggi  7.42% dan rasio 1:2 terendah sebesar 3.17%. Peningkatan rasio Na2SiO3   akan menurunkan persentase 

penyerapan air. Dengan demikian rasio  sebesar  1:0,5 1:2 rata-rata penyerapan air mengalami penurunan sebesar 

41.90%, 24.12%, dan 3.06%. 

Penyerapan air paving block dengan rasio  1:1,  1:1,5 dan 1:2 memiliki penyerapan air < 6 %  mutu B yang dapat 

digunakan pada area parkir mobil. Sedangkan  untuk rasio 1: 0.5 memiliki nilai penyarapan 7.42 % <  8%  mutu 

C digunakan untuk area pejalan kaki. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                         Gambar 7. Hasil uji penyerapan air rata-rata paving block geopolimer 
 
 
Perbandingan harga dilakukan dengan melakukan analisa harga paving geopolimer diberikan pada Tabel 3. 
Adapun campuran yang diambil adalah campuran 1:0.5 yang menghasilkan harga termurah. 
Harga paving geopolimer dalam penelitian ini memiliki nilai paling murah sebesar Rp. 8.410,- per buah. 
Sementara harga paving block berbahan semen dipasaran yaitu berkisar Rp.2.500, per buah. Hal ini 
menunjukkan harga paving block geopolimer lebih mahal berkisar 3 s/d 4 kali harga paving block berbahan 
semen yang ada dipasaran. Komponen paling mahal dalam pembentuk harga paving geopolimer adalah harga 
larutan activator baik itu larutan natrium silikat maupun natrium hidroksida padat. Harga paving block 
geopolimer akan kompetitif dengan harga paving block yang ada dipasaran jika harga larutan activator tersebut 
dapat ditekan sekecil mungkin 
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Tabel 3. Analisa harga per unit paving block geopolimer 
 

No. Bahan Volume Satuan Harga Satuan Biaya 

1 Fly Ash 0.56 kg                        -                 

-  

2 NaOH solid 0.11 kg             10.000         

1.100  

3 Air Suling 0.2 kg               1.000            

200  

4 Sodium Silikat (Na2SiO3) 0.06 kg             10.000            

600  

5 Kerikil 0.76 kg               3.000         

2.280  

6  Agregat Halus 1.41 kg               3.000         

4.230  

 TOTAL HARGA PER UNIT     8.410  

 
 
 

5. Kesimpulan dan Saran 
 
Komposisi optimum rasio aktivator NaOH : Na2SiO3 sebesar : 1: 2 yang menghasilkan kuat tekan dan 

workability tinggi. Paving Block yang dihasilkan pada rasio aktivator 1:1, 1:1,5 1:2  dapat digunakan untuk area 

parkir mobil  ( Mutu B). Paving Block dengan rasio aktivator sebesar 1: 0,5 dapat digunakan untuk pejalan kaki  

( mutu C). 

Biaya paving block geopolimer belum kompetitif dibandingkan dengan harga paving berbahan semen yang ada 

dipasaran sekarang ini karena harga paving geopolimer masih sangat mahal yaitu berkisar 3 s/d 4 kali 

dibandingkan harga paving berbahan semen. Biaya larutan activator harus dapat ditekan sekecil mungkin agar 

dapat menghasilkan harga paving geopolimer yang kompetitif. 
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Abstract. The emergence on nanotechnology has driven the advancement of a lot of materials, 

one of which is nano-silica. Therefore, the research on the application of nano-silica in concrete 

has been conducted by researchers. The results showed that the strength and durability of 

concrete can be significantly increased by the application of nano-silica. However, the conducted 

research was limited to 28 days (short term). Furthermore, nano silica as a new material needs 

to be tested over a long period of time (more than 28 days) to determine its impact on concrete. 

Research on the long-term implications of using nano silica was carried out on f'c 45 MPa 

concrete. The percentage of nano silica used is fixed, at 5% of the weight of the binder. 

Furthermore, mechanical properties were tested including; compressive strength, tensile strength 

and slump test of normal concrete at 28, 56 and 91 days of the concrete’age. The results showed 

that the use of nano silica can increase compressive strength and tensile strength. The results 

showed that when compared to normal concrete, the use of nano silica can increase compressive 

and tensile strength and also produce better mechanical properties. 

1.  Introduction 

Using nano-silica in a mixture of paste, mortar, and concrete greatly improves the mechanical properties 

and durability of concrete [1, 2]. The effect of using nano silica has received the attention of many 

researchers in recent years because nano silica has shown better performance compared to other additives 

[3]. Nano silica could fill the spaces between particles of gel C-S-H, acting as a nano-filler, and the 

pozzolanic activity of nano silica was very high, which increased the amount of C-S-H and resulted in 

higher densification of matrix, improving the strength and durability of concrete [4]. Nano silica is a 

relatively new material to be applied to high-performance concrete and the price is much higher 

compared to other pozzolanic materials, but it is very effective [5]. The researchers have sought to 

overcome the main disadvantage of fly Ash concrete with the addition of nano to cement and concrete 

paste to increase pozzolanic reactivity and early strength [6]. Percentage of nano silica used in concrete 

mixes will affect the mechanical properties in concrete, a low percentage of nano silica particles does 

not enhance the performance of mortar under long-term [7]. Percentage of nano silica 5-10% proved to 

be effective in increasing mechanical properties and durability of concrete [8, 9].  Nano silica is a highly 

reactive pozzolanic  and could consume calcium hydroxide to form secondary Calcium silicate hydrate 

and improve cement composites properties through different mechanisms [10, 11].  There is a limited 

knowledge about the mechanism by which NS affects the settings times, workability, mechanical 

properties etc of concrete. Nano silica as a new material needs to be continuously researched both in the 
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laboratory scale and in the field. This is needed to better understand the behavior of nano silica in 

concrete. But unfortunately, research on the use of nano silica into a mixture of pasta, mortar, and 

concrete, is carried out at 28 days (short-term). For this reason, research on the long-term effects of using 

nano silica on concrete mechanical properties is important. In this study the effect of nano silica on 

mechanical properties in the form of compressive strength, tensile strength and slump for concrete f'c 45 

MPa. 

 

2.  Materials and Method 

The material used in this research was the type 1 ordinary portland cement, coarse aggregate, and fine 

aggregate from PT. Adhimix Precast Indonesia. The super-plasticizer used is the type of Polycarboxylate 

Ether Superplasticizer (PCE) from PT. John Idetama Teknik and nano silica type HDKN 20 from PT. 

Brataco  with properties  as shown in Table 1.   

 

Table 1. Properties of  nano silica HDKN 20 

Properties Unit  Value  

Surface BET  m2/g 197 

pH-Value  No unit 4,0 

Silicon dioxide % 100 

Sieve residue> 40 µm % 0,001 

Loss on ignition  % 0,6 

Content heavy metals  ppm  <25 

 

While Table 2  shows the proportion of concrete mixture f'c 45 MPa in 1 m3, the specimen with BR 

code is normal concrete i.e. without nano-silica, BNS1 is concrete with the addition of 5% nano silica  

and 0.6% PCE, while the BNS2 concrete is made up of 5% nano silica and 3.5% PCE. Slump plan is 16 

± 2 cm. Concrete mixing in nano silica BSN1 is mixed with silica sand, while nano silica BSN2 is mixed 

with cement first. 

 

Table 2. The proportion of f'c 45 MPa concrete mix in 1 m3 

Material BR BNS 1 BNS 2 

OPC  (kg/m3) 580 580 580 

Nano silica (kg/m3) - 29 29 

Coarse Aggregate ( kg/m3) 1014 1014 1014 

Fine Aggregate (kg/m3) 595 595 595 

Water/ binder 0.31 0.31 0.31 

PCE (litre/m3) 3.5 3.5 20.3 

 

Figure 1 shows the specimen and curing done. The number of specimens for the press and pull 

examination are 3 for each concrete age specimen. 
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                                                    Figure 1. Specimen and curing 

 

The specimen examination was carried out as shown in Figure 2. The examination was conducted 

by testing the slump with ASTM C 143-90 standard. 

 

   
(a) (b) (c) 

                  Figure 2. Testing of a slump (a), compressive strength (b) and tensile strength (c). 

 

The compressive strength test refers to ASTM C39 and tensile strength refers to ASTM C496 / C496 

M. The compressive strength examination was in form of a cylinder with 10 cm diameter and 20 cm 

height. The experiments conducted to test the compressive and tensile strength at  28, 56 and 91 days.  

 

3.  Results and Discussion 

 

3.1.  Slump Test 

Slump test results as shown in Figure 3. BR 14 cm slump value. From the results of the slump 

examination, nano silica addition resulted in a decrease in the BNS1 slump value of 4cm. This slump 

value is in accordance with previous research, that addition 1,5 % NS significantly decreased the slump 

from 17,5 cm to 24 cm as reference slumps of concrete with w/b = 0.65 and 0.55 to 3 cm and 4 cm. [12]. 

The decrease in slump value is caused by the formation of the sort of structure that has high water 

retention after the addition of nano silica [13]. Furthermore, with the addition of 3.5% of PCE led to a 

slump value increased of 18 cm.   
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Figure 3. Slump value 

 

From the conducted experiments, a conclusion can be drawn; to obtain a slump value of 16 ± 2 cm 

in nano-silica concrete requires 3.5% additional Polycarboxylate Ether Superplasticizer (PCE).  

 

3.2.  Compressive Strength 

Figure 4 shows the results of compressive strength at 28, 56 and 91 days after mixing concrete at BR of 

47 MPa, 49 MPa and 55 MPa. Whereas, BSN1 is 33 MPa, 36 MPa and 42 MPa. In BSN2, the 

compressive strength is 58 MPa, 65 MPa and 71 MPa. Based on the results of compressive strength with 

the addition of 5% of nano silica, fixed water/ binder 0.31 with 0.6% PCE, there was a decrease in 

compressive strength compared to concrete in reference. The decrease in compressive strength at 28, 56 

and 91 days was 29.7%, 26.5%, and 23.4% respectively. This occurred because Agglomeration occurs 

[14]. However, agglomeration can be overcome by adding 3.5% of PCE with a percentage of by weight 

of cement. This can be seen from the value of the resulting slump and increased compressive strength 

compared to the concrete in reference. The percentage increase in compressive strength at BNS2 for 28 

days of concrete age was 23.4%, 56 days at 32.7% and 91 days at 29%. There is a reduction in the 

amount of Ca(OH)2 for nano modified concrete indicating the formation of the additional C-S-H gel. 

From mechanical characterization of compressive strength. The SiO2 in nanoscale behave not only as a 

filler to improve the microstructure but also as an activator to promote pozzolanic reactions. The 

influences and importance of superplasticizer while mixing cement with nanoparticles for mortar or 

concrete preparation were addressed [15, 16]. 

 

 
Figure 4. The Result of testing the Compressive strength 
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The results of compressive strength show that the long-term effect of nano silica has a similar 

performance to normal concrete, which increases with age of concrete. 

 

3.3.  Tensile  Strength 

The results of the concrete tensile strength at 28, 56 and 91 days is shown in Figure 5. The tensile 

strength of BR specimens at 28 days was 14.4 MPa and 56 days was 14.5 MPa. There was an increment 

of 0.7%. After 91 days, the tensile strength recorded was 16.9 MPa and this increased by 17.4%. The 

tensile strength for BNS1 at 28 days was 11.5 MPa and this decreased by 20.1%. At 56 days, the tensile 

strength was 12 MPa and this decreased by 17.2%. At 91 days, it was 14.9 MPa and this decreased by 

11.8% from the concrete in reference. Meanwhile, in the BNS2 specimen, there was an increase in the 

tensile strength at 28 days by 47.9% to 21.3 MPa. At 56 days, it increased from 47.2% to 22.8% and at 

91 days, a 40.8% increase from 16.9 MPa to 23.8 MPa. The results show that the addition of 5% of nano 

silica increased the concrete tensile strength in BSN2 and a decrease in BSN1 compared to BR.   

 

 
Figure 5. The Result of testing the Tensile strength 

 

The increase in concrete compressive and tensile strength with the addition of 5% nano-silica, was 

influenced by the method of nano silica mixing. In BSN1, nano silica is stirred with fine aggregates, 

agglomeration occurs to inhibit chemical reactions. This results in a relative decrease in tensile strength. 

Whereas in BSN2, nano silica is mixed with cement first, enabling it to be dispersed well and this causes 

nano-silica to react perfectly. Therefore, this attribute can increase the compressive and tensile strength 

of the concrete. 

 

4.  Conclusion 

1. The long-term effects of nano silica on concrete can improve its mechanical properties better 

than normal concrete. 

2. The value of compressive strength can increase by 23.4% - 32.7% and tensile strength 40.8% - 

47.2%. 

3. The order to efficiently use nano silica, it must be mixed with cement first to produce a perfect 

reaction. 
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Abstract. Rapid setting materials, especially for concrete repairs made on 
major arteries such as toll roads which must withstand heavy traffic. 
Several manufacturers of construction chemicals have been producing 
various types of rapid setting materials designed for use in repairing such 
toll roads. However, the existing toll road repair materials have not 
demonstrated satisfactory performance when applied in the field. This 
study modified micro concrete materials by adding Polycarboxylate Ether 
(PCE) and Polypropylene Fiber (PPF) at the time of mixing existing rapid 
setting materials. It then tested flow tests and setting time at 16, 20, 30, 40, 
and 60 minutes, as well as compressive strength; and flexural strength tests 
at the ageing times of 3 hours, 1 day, and 7 days. The concrete micro 
material was applied directly in the field. The results show that micro 
concrete material is definitely suitable for toll road repair. The addition of 
PCE and PPF can increase the flexural strength and modulus of elasticity, 
meaning that the material is not easily cracked under the repeated strains of 
heavy traffic loads. Therefore, the use of this micro concrete material has 
been proven to be viable for future repairs of heavily trafficked toll roads.  

1 Introduction 
In Indonesia, new toll roads are being constructed rapidly and existing arteries are 
increasingly being expanded. However, once toll roads are built they often undergo 
structural damages, such as the Cipularang toll road which connects Jakarta to Bandung. 
The Cipularang toll road carries heavy traffic and a high volume of vehicles. Contours of 
the highway that climb sharply and turn abruptly, combined with unstable base soil factors 
and high amounts of rainfall, result in rapid erosion and other soil issues that cause damage 
to the road bed and pavement surfaces, including collapsing, pumping, and spalling, as 
illustrated in the following photos. One of the main obstacles to performing effective 
repairs is the requirement that these important highways should not be closed for very long 
during the repair process. 

* Corresponding author: nanojbg@gmail.com
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Fig. 1. Damage to the rigid pavement. 

In addition, although high-early-strength cementitious repair materials are commercially 
available, many of these materials are especially vulnerable to cracking, poor bonding, and 
premature deterioration, which result from various causes such as incompatibility with the 
existing concrete pavement [1,2].  

Satisfactory repair work requires materials with rapid setting criteria that have high 
compressive strength and flexure strength. These important characteristics ensure longer 
service life. Long service life means fewer future repairs as well as longer intervals between 
rehabilitation and reconstruction projects, leading to significant savings in both the quantity 
of pavement materials required and overall expenditures [3]. Some studies have shown 
there have been issues arising when using high-early-strength concrete in repair 
applications for pavements [4,5]. Therefore, it is essential that good-quality local materials 
that have the structural capabilities to conform to, or even exceed, the standard criteria for 
such repairs, should be developed as quickly as possible [6,7,8,9]. 

Polypropylene Fiber (PPF), shown in Figure 1, is a synthetic fiber with low density, fine 
diameter and low modulus of elasticity. It exhibits special characteristics such as high 
strength, high ductility, and durability. Polypropylene Fiber also demonstrates excellent 
bonding capabilities which can greatly improve the properties of mortar [10]. 

Fig. 2. Polypropylene Fiber. 

This research developed micro concrete material in accordance with the criteria 
needed for effective repair work in the rigid pavement. This development was 
accomplished by adding superplasticizer and Polypropylene Fiber (PPF) to existing 
commercially available repair materials. 

2 Materials and methods  

Two types of materials were utilized in this research: Estopatch RSP and Patchroc RSP. 
Estopatch RSP is supplied by Estop Indonesia Corporation, and Patchroc RSP is supplied 
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rehabilitation and reconstruction projects, leading to significant savings in both the quantity 
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there have been issues arising when using high-early-strength concrete in repair 
applications for pavements [4,5]. Therefore, it is essential that good-quality local materials 
that have the structural capabilities to conform to, or even exceed, the standard criteria for 
such repairs, should be developed as quickly as possible [6,7,8,9]. 

Polypropylene Fiber (PPF), shown in Figure 1, is a synthetic fiber with low density, fine 
diameter and low modulus of elasticity. It exhibits special characteristics such as high 
strength, high ductility, and durability. Polypropylene Fiber also demonstrates excellent 
bonding capabilities which can greatly improve the properties of mortar [10]. 

Fig. 2. Polypropylene Fiber. 

This research developed micro concrete material in accordance with the criteria 
needed for effective repair work in the rigid pavement. This development was 
accomplished by adding superplasticizer and Polypropylene Fiber (PPF) to existing 
commercially available repair materials. 

2 Materials and methods  

Two types of materials were utilized in this research: Estopatch RSP and Patchroc RSP. 
Estopatch RSP is supplied by Estop Indonesia Corporation, and Patchroc RSP is supplied 

by Fosroc Indonesia Corporation [11]. Both types of materials are fast-setting micro 
concrete, and are readily available commercial products. The fiber used, Polypropylene 
Fiber (PPF) supplied by Sika Indonesia Corporation, has the following properties: fiber 
length 12 mm; diameter 18 microns; tensile strength 300-400 MPa; elastic modulus 6000-
9000 N/mm2; specific gravity 0.91 g/cm3. The superplasticizer used is Polycarboxylate 
Ether (PCE), supplied by John Hi-Tech Contrindo Corporation. 

The mix proportions of each specimen are shown in Table 1. Specimen A0 is Estopatch 
RSP material; A1 is A0 plus 50 grams PPF (0.2% x A0), and A2 is A0 plus 50 grams PPF 
(0.2% xA0) and 0.25 litres superplasticizer PCE (1% x A0). Specimen B0 is Patchroc RSP; 
B1 is B0 plus 50 grams PPF (0.2% x B0) and B2 is B0 plus 50 grams PPF (0.2% xB0) and 
0.25 litres superplasticizer PCE (1% x B0). 

Table 1. Mix proportions of specimen. 

Mix 
Proportions 

Specimen 

A0 A1 A2 B0 B1 B2 

Binder (kg) 25 25 25 25 25 25 

Water/binder 0.15 0.15 0.15 0.15 0.15 0.15 

PPF (gram) - 50 50 - 50 50 

PCE (litre) - - 0.25 - - 0.25 

A compressive strength test of 50 x 50 x 50 mm cubes in accordance with ASTM C39 
for concrete ages of 3 hours, 1 day and 7 days was recorded. Flexural testing of 50 x 50 x 
30 mm prisms or beams in accordance with ASTM C78 / C78M-18 [12] were measured 
at ages of 3 hours and 1 day, while the initial setting time was recorded based on ASTM 
C403 / C 403-99 [13]. 

Fig. 2. Test equipment for specimens. 

3 Results and discussion  

3.1 Setting time 

The result of the time setting test is shown in Figure 3. Material B0 sets faster compared to 
material A0. These results indicate that both materials are rapid setting, because they can 
harden in less than 60 minutes. Setting time is an important factor for cost-effective rigid 
pavement repairs, because reducing total work time (and highway usage down time) is 
critical when major highways are involved. Setting time also indicates when, and how 
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easily, a particular type of material can be applied.  Significantly, including PPF in the 
concrete mixture does not have obvious negative effects on the setting times for either 
material, A0 and B0.  

Fig. 3. Result of setting time test. 

3.2 Compressive strength 

The results of the compressive strength tests are shown in Figure 4. Significant 
improvements occurred  with the addition  of PPF  as well  as the addition of PPF and 
Admixture. At the age of 3 hours for A0: 22.2 MPa, A1: 23.1 MPa there is an increase of 
4%, while for A2 of 24.3 MPa there is a 9.5% increase. For B1 specimens at 3 h, there was 
an increase of B0: 21.9 MPa to 22.9 MPa, 4.5% increase; B2 increased by 15% to 25.2 
MPa. At the age of 1 day, on specimens A1 and A2 compressive strength increased by 
2.9% and 24.3% respectively. As for B1 and B2, compression strength increased by 13.5% 
and 35.5%. 7-day age specimens exhibited an increase in compressive strength for A1 of 
0.9%; A2 of 11.2%; B2 of 1.4%; and B2 of 9.9%. Based on the results of the compressive 
strength test, the addition of PPF and admixture can increase the compressive strength 
by11.2% and 9.9%. This result is in line with previous research that states that adding 
polypropylene fibers to mortar can increase compressive strength and reduce 
plastic shrinkage cracks [14].  

Fig. 4. Result of testing the compressive strength. 

This enhancement may stem from improvements in the mechanical bond strength as 
the introduction of the ductile, durable fibers enable the concrete material to delay 
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plastic shrinkage cracks [14].  
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This enhancement may stem from improvements in the mechanical bond strength as 
the introduction of the ductile, durable fibers enable the concrete material to delay 

micro-crack formation and even arrest their propagation afterwards to a certain extent 
[15]. Additionally, empirical evidence shows that the addition of superplasticizer can 
improve the workability of HPC due to the presence of PCE nanoparticles in the concrete 
slurry, which can fill any cavities within the concrete and thus result in strengthening of the 
bonds between the components of the mixture. [16]. 

Moreover, the use of fibers in the mortar or concrete can significantly enhance the bond 
strength between the old substrate and the new repair materials, which is one of the 
most important requirements for a successful repair [17]. 

3.2 Flexural strength 

The flexural strength test results are shown in Figure 5. At an age of 3 hours, flexural 
strength in sample A0 is 3.1 MPa, which increased by 9.7% to 3.4 MPa in specimen A1. A2 
increased by 22.6% to 3.8 MPa. Although for specimen B1 there is an increase of 12.5 MPa 
(B0: 3.2 MPa, B1: 3.6 MPa), for B2 there is an even larger increase of 25% to 4 MPa. At 
the age of 1 day, an increase of 58.3% was recorded. A0: 3.6 MPa; A1: 5.7 MPa; A2: 6.9 
MPa (an increase of 91.7%). Specimen A0 at 7 days was 7.1 MPa; A1: 8.7 MPa (22.5%) 
and A2: 10.3 MPa (an increase of 18.4%). Then at 7 days, specimen B0 was recorded at 7.2 
MPa; B1: 8.6 MPa (19.4%); B2: 10.4 MPa (44.4%).  

The flexural test results show the addition of PPF and the effective admixture can 
improve the flexural strength in materials A0 and B0. This shows both A0 and B0 materials 
can be used as repair materials for rigid pavement roads, and the quality of the repairs 
would improve even more if combined with PPF and admixture. 

As a further benefit, adding polypropylene fibers to the cement composites is also 
an effective method of preventing crack formation [18]. The short polypropylene fibers, 
when distributed uniformly throughout the entire volume of concrete, act to sew the 
edges of cracks together and restrict any further propagation [19]. Obviously, reduction of 
cracking is of great importance, especially in the first hours after pouring before the 
concrete reaches its full strength [20]. 

Fig. 5. Result of testing the flexural strength. 

4 Conclusions  

1. The use of either Polypropylene Fiber (PPF) or Polypropylene (PCE) is highly
effective to improve the compressive strength and flexural strength of concrete mixtures
used in repairing heavily trafficked road surfaces such as toll roads.
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2. Adding PPF and PCE significantly improves the compressive strength by 11.2% and the
flexural strength by 18.4% for material A0, and increases the compressive strength by
18.4% and flexural strength by 44.4% for material B0

The author thanks the financial support from Ministry of Research Technology and Higher Education 
of the Republic of Indonesia for this Research Grant with the Scheme of Penelitian Berbasis 
Kompetensi for the year 2018.  
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Abstrak 
 
Trend penelitian saat ini, lebih fokus pada bagaimana mengurangi penggunaan semen dan mengatasi masalah 
limbah industri salah satunya fly ash. Upaya yang dilakukann yakni mengembangkan geopolimer dengan fly ash 
sebagai bahan utama, dan   menggunakan Natrrium Hidroksida (NaOH) dan Sodium Silicate (Na2SiO3) sebagai 
activator. Tujuan dari penelitian ini adalah  menghasilkan  rasio NaOH : Na2SiO3 yang paling optimum dan 
menghasilkan paving block yang sesuai standar SNI. Dalam penelitian ini rasio activator NaOH : Na2SiO3 yang 
digunakan sebesar 1: 0,5 ; 1:1 ; 1:1,5 ; 1:2 dengan konsentrasi molaritas 11 M. Kemudian dibuat sampel uji 
berupa paving block dengan ukuran (200 x 110 x 80). Pengujian dilakukan kuat tekan pada umur ke 7, 14, dan 
28 hari dan uji  penyerapan air pada umur 28 hari. Hasil  penelitian  memperlihatkan rasio optimum activator 
adalah 1:2, menghasilkan paving block dengan kuat tekan dan workability yang tinggi.  Kemudian rasio 1:1 ; 
1:1,5 ; 1:2  memiliki kuat    lebih  dari  17  MPa termasuk mutu B dapat digunakan untuk area parkir. 
sedangkan rasio 1:0,5, menghasilkan paving mutu C dapat digunakan untuk pejalan kaki. Perbandingan harga 
paving geopolimer tersebut dengan harga paving berbahan semen yang beredar di pasaran juga turut 
dipresentasikan. Benefit dari penelitian ini,  dapat menjadi salah satu solusi untuk mengatasi isu pencemaran 
lingkungan dan limbah industri..  
 
Kata-kata Kunci: Paving Geopolimer, Fly Ash, Kuat Tekan, Penyerapan air.  
 
Abstract 
 
Current research trends are focused on reducing the use of cement and managing industrial waste, including fly 
ash, which is handled through its proper use as the main ingredient in geopolymers, along with Sodium 
Hydroxide (NaOH) and Sodium Silicate (Na2SiO3) as activators. This study, therefore, aims to produce the most 
optimal NaOH activator: Na2SiO3 ratio required in the production of concrete Paving block under the SNI 
standards, and those evaluated in this study include 1:0.5, 1:1, 1:1.5, and 1:2 with 11 molarity concentrations. 
In addition, the samples investigated were 200 x 110 x 80 cm concrete paving block, and compressive strength 
testing was performed on day 7, 14, and 28, while water absorption was assessed on a 28-day. The results 
showed 1:2 to be the optimal ratio, based on the high compressive strength and the superior workability of its 
concrete paving block. Furthermore, it was established that the activator ratios of 1:1, 1:1.5, 1:2 produced B-
quality concrete paving block, with a compressive strength of 17 MPa, with possible application in a parking 
area. Also, the 1:0.5 preparations were of C quality with the probability of being used on the sidewalk. The 
comparison of the price of geopolymer paving and cement based paving is also presented. Thus, the study 
outcomes were candidates for adoption in the quest to overcome environmental pollution and industrial waste. 
 
Keywords: Geopolymer Paving, Fly Ash, Compressive Strength, Water absorption. 
 
1. Pendahuluan 
 
Penggunaan semen sebagai pengikat pada campuran beton dan mortar berdampak negatif terhadap lingkungan. 
Data menunjukan sebanyak 7% gas CO2  yang ada di atmosfer berasal dari industri semen, karena 

memproduksi 1 ton semen akan menghasilkan 1 ton gas CO2 ke dalam atmosfer dan menjadi salah satu pemicu 

pemanasan global [1,2]. Kemudian limbah  dari PLTU  berupa  fly ash dan bottom  ash  yang berpotensi 
mencemari lingkungan dan termasuk limbah B3. 
Berbagai penelitian inovasi telah dilakukan untuk mengurangi penggunaan semen atau tanpa menggunakan 
semen sama sekali  dikenal sebagai geopolimer.  Hasil penelitian menunjukan bahwa geopolimer dapat menjadi 
salah satu solusi mengatasai  limbah logam berat yang berbahaya dari industri modern dan dapat digunakan 

sebagai bahan pengganti semen [3,4]. 
Salah satu pemanfaatan perkembangan geopolimer dalam mengatasi masalah limbah Fly ash yakni dengan 
dijadikan sebagai paving block. Hal ini seiring dengan meningkatnya kebutuhan terhadap paving block karena 
memiliki beberapa keuntungan antara lain:  ramah lingkungan dan  sangat baik dalam membantu konsevasi air 

tanah,  mudah dan cepat dalam pemasangan. Menurut peneliti lain Kemudian  peneliti lain menyatakan bata 



geoplimer dapat mengurangi emisi CO2 hingga 59 % dibandingkan pembauatn batu bata dengan proses 
pembakaran [5]. 
Fly ash sangat   potensial   untuk   dimanfaatkan   sebagai   bahan   campuran paving   block geopolimer karena 
mengandung nilai silica dan alumunia yang tinggi. Fly Ash yang  digunakan  diaktifkan  dengan  larutan  alkali  

berupa  Sodium Hidroksida (NaOH) dan Sodium Silikat (Na2SiO3) sebagai katalisatornya. Campuran aktivator 
NaOH dan Sodium silikat pada geopolimer lebih mudah dibuat dan ramah lingkungan dalam hal toksisitas dan 

leaching [6-13]. 
Larutan alkali tinggi digunakan untuk mengaktifkan fly ash untuk membentuk pasta yang mengikat aggeragat 
kasar  dan agregat halus dan bahan tidak bereaksi lainnya dicampuran. Hasil penelitian mengungkapkan bahwa 

heatcured pada Geopolimer akan menghasilkan kuat tekan yang relatif tinggi, susut rendah, dan ketahanan yang 
baik terhadap sulfat dan asam [8]. 
Proses pembuatan paving  block geopolimer  dengan  bahan fly  ash diharapkan  dapat  mengurangi  emisi  CO2 
dan mengurangi limbah B3 fly ash. Saat ini kebutuhan paving block pada industri pekerasan area parkir mobil 
(mutu B)  meningkat tinggi. 

Tujuan dari penelitian ini adalah  menentukan komposisi optimum variasi  rasio Na2SiO3 yang menghasilkan 
kuat tekan dan workability tinggi. Penelitian paving block geopolimer meliputi pengujian sifat mekanik  yakni 
kuat tekan BS 6717-1-1993,  dengan  persyaratan kuat  tekan  minimum  17  MPa  untuk  kategori paving  block 
mutu B yang dapat di aplikasikan untuk area parkir mobil. Sedangkan mutu C, kuat tekan minimum 12.5 MPa 

untuk area pejalan kaki.[9]. Sedangkan persyaratan  penyerapan air menurut SNI 03-0691-1996  untuk mutu B 
air rata-rata maksimum 6% , dan untuk mutu C sebesar  8% [10].  
Benefit penelitian  ini dapat menjadi salah satu alternatif mengatasi masalah semen dan fly ash menjadi material 
konstruksi berupa paving block geopolimer. 
 
 
2. Material 
 
Material yang digunakan pada penelitian ini adalah agregat kasar (kerikil) maksimum berukuran diameter 1 cm, 
agregat halus (pasir) dan fly ash tipe C berasal  dari PT. Adhimix Precast Indonesia, Air berasal dari 
laboratorium PT. Adhimix Precast Indonesia, Alkali aktivator yang digunakan adalah Serpihan Natrium 
Hidroksida  (NaOH) dan Larutan Sodium Silikat (Na2SiO3), pada Gambar 1. 
 
 

 

 

 

  

               Kerikil       Pasir                 Fly Ash            Sodium Silikat  NaOH                   Air 

 
                                    Gambar 1. Material yang digunakan dalam penelitian 

 
 

3. Metode Penelitian 
 
Penelitian ini dilakukan dengan tahapan sebagai berikut: persiapan bahan baku, trial mix, membuat rancang  
campur paving block geopolimer, pembuatan benda uji, pengujian benda uji (uji kuat tekan  dan penyerapan air), 
dan analisis hasil pengujian. Pembuatan benda uji paving block geopolimer dengan aktivator gabungan larutan 
NaOH dan Na2SiO3. Variasi rasio NaOH : Na2SiO3 sebesar 1:0,5 ; 1:1 ; 1:1,5 ; 1:2 dengan konsentrasi NaOH 
sebesar 11 M.  
Berdasarkan pembuatan larutan yang telah dilakukan sebelumnya bahwa untuk pembuatan NaOH 11 M dapat 
secara praktis dilakukan dengan melarutkan 440 gram kepingan NaOH dengan 800 ml air suling (800 gram). 
Kemudian larutan NaOH 11 M dengan volume 1  liter tersebut didiamkan selama ± 24 jam, lalu direaksikan 
dengan Na2SiO3 sesuai dengan takaran per perbandingan seperti terlihat pada Gambar 2. 
Pencampuran antara air dan serpihan NaOH harus dilakukan pada wadah tertutup dan di diamkan ± 6 jam, 
karena terjadi peningkatan suhu hingga 110º C. Fungsi dari di tutupnya wadah berisikan air dan serpihan NaOH 
atau yang di sebut alkali aktivator adalah menurunkan suhu campuran hingga 24º-27º C. Setelah itu larutan alkali 
activator di campurkan dengan Na2SiO3 yang berfungsi memperkuat ikatan polimerisasi. Pencampuran ini dapat 
meningkatkan suhu campuran hingga 40º, sehingga campuran harus di diamkan ± 6 jam dengan wadah tertutup. 
Hal ini berfungsi agar larutan activator yang nantinya akan dicampurkan dengan fly ash tidak terjadi gumpalan, 
dan dapat menyebabkan kegagalan dalam proses polimerisasi. 
 



 
 
 
 
 
 
 
 
 
 
 
 

                      Gambar 2. Proses pembuatan larutan aktivator 

 
 
Pada Tabel 1 terlihat proporsi campuran paving block geopolimer dengan variasi rasio activator. 
 
 

Tabel 1. Proporsi campuran Paving Block Geopolimer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sedangkan untuk variasi rasio aktivator dan jumlah sampel paving block berukuran  200  x 110  x  80 mm dapat 
dilihat pada Tabel 2. 
 
 

Tabel 2. Variasi rasio aktivator dan jumlah sample paving block 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pengujian yang dilakukan adalah pengujian kuat tekan pada umur 7, 14 dan 28 hari. Pengujian penyerapan air 
dengan cara perendaman juga dilakukan untuk paving yang berumur 28 hari. Pengujian yang dilakukan dalam 
penelitian ini diberikan pada Gambar 3 dan Gambar 4 berikut. 
 
 
 
 
 
 
 
 
 

Fly 

Ash 

Agregat NaOH 

Variasi 
Aktivator 

/FA Kasar Halus (M) 

1 1,36 2,53 11 1:0,5 0.37 

1 1,36 2,53 11 1:1 0.32 

1 1,36 2,53 11 1:1,5 0.28 

1 1,36 2,53 11 1:2 0.25 

Variasi rasio 

Aktivator 

Jumlah sampel 

(Buah) 

Jumlah sampel berdasarkan Umur (Hari) 

7 14 28 

1:0,5 18 6 6 6 

1:1 18 6 6 6 

1:1,5 18 6 6 6 

1:2 18 6 6 6 



 
 
 
 
 
 
 
 
 
 
 
  
 

                          Gambar 3. Pengujian kuat tekan paving geopolimer 

 
 
 
 
 
 
 
 
 
 
 
 

                Gambar 4. Pengujian penyerapan air paving geopolimer 

 
 
 

4. Hasil dan Pembahasan 
 
 

Paving geopolimer yang dihasilkan pada penelitian ini memiliki bentuk dan penampilan yang hampir sama 

dengan paving berbahan semen. Semakin banyak larutan natrium silikat (Na2SiO3) yang diberikan semakin baik 

dan halus permukaan paving yang dihasilkan. Berbagai produk paving geopolimer penelitian ini ditampilkan 

pada Gambar 5 berikut. 

 

 

 

 

 

 

 

 

 

 
                           Gambar 5. Produk paving geopolimer yang dhasilkan 

 

 

Pada Gambar 6. memeperlihatkan hasil pengujian kuat tekan paving block geopolimer,  nilai kuat tekan tertinggi 

pada umur 28 hari yaitu pada rasio 1:2 sebesar 28,25 MPa, dan nilai kuat tekan terendah pada rasio 1:0,5 yaitu 

11,59 MPa. Peningkatan penambahan rasio 1:0,5 sampai 1:1 kuat tekan mengalami peningkatan masing-masing 

sebesar 6,82 MPa atau sebesar 33.06%, pada variasi 1:1 sampai 1:1,5 mengalami kenaikan sebesar 5,48 MPa 

atau sebesar 20.98% kemudian pada variasi 1:1,5 sampai 1:2 mengalami kenaikan kembali sebesar 2,14 MPa 

atau sebesar 7,57%. Hal  ini menunjukan penambahan rasio NaOH :Na2SiO3 dapat meningkatkan kuat tekan hal 

ini sejalan dengan penelitian sebelumnya [11,12]. 
Hasil ini memperlihatkan paving  block rasio activator sebesar  1:1 , 1:1,5 ,1:2  memenuhi  persyaratan sebagai  
mutu B dapat diaplikasi pada area parkir. Sedangkan rasio  activator untuk  kategori  mutu C untuk area pejalan 
kaki. 
 
 
 



 
 

Gambar 6. Hubungan Umur Pengujian Terhadap Kuat Tekan Paving Block Geopolimer 

 
 
 

Pada Gambar 7. memperlihatkan hasil uji penyerapan air, dengan rasio  1:0,5 menghasilkan penyerapan air 

tertinggi  7.42% dan rasio 1:2 terendah sebesar 3.17%. Peningkatan rasio Na2SiO3   akan menurunkan persentase 

penyerapan air. Dengan demikian rasio  sebesar  1:0,5 1:2 rata-rata penyerapan air mengalami penurunan sebesar 

41.90%, 24.12%, dan 3.06%. 

Penyerapan air paving block dengan rasio  1:1,  1:1,5 dan 1:2 memiliki penyerapan air < 6 %  mutu B yang dapat 

digunakan pada area parkir mobil. Sedangkan  untuk rasio 1: 0.5 memiliki nilai penyarapan 7.42 % <  8%  mutu 

C digunakan untuk area pejalan kaki. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                         Gambar 7. Hasil uji penyerapan air rata-rata paving block geopolimer 
 
 
Perbandingan harga dilakukan dengan melakukan analisa harga paving geopolimer diberikan pada Tabel 3. 
Adapun campuran yang diambil adalah campuran 1:0.5 yang menghasilkan harga termurah. 
Harga paving geopolimer dalam penelitian ini memiliki nilai paling murah sebesar Rp. 8.410,- per buah. 
Sementara harga paving block berbahan semen dipasaran yaitu berkisar Rp.2.500, per buah. Hal ini 
menunjukkan harga paving block geopolimer lebih mahal berkisar 3 s/d 4 kali harga paving block berbahan 
semen yang ada dipasaran. Komponen paling mahal dalam pembentuk harga paving geopolimer adalah harga 
larutan activator baik itu larutan natrium silikat maupun natrium hidroksida padat. Harga paving block 
geopolimer akan kompetitif dengan harga paving block yang ada dipasaran jika harga larutan activator tersebut 
dapat ditekan sekecil mungkin 
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Tabel 3. Analisa harga per unit paving block geopolimer 
 

No. Bahan Volume Satuan Harga Satuan Biaya 

1 Fly Ash 0.56 kg                        -                 

-  

2 NaOH solid 0.11 kg             10.000         

1.100  

3 Air Suling 0.2 kg               1.000            

200  

4 Sodium Silikat (Na2SiO3) 0.06 kg             10.000            

600  

5 Kerikil 0.76 kg               3.000         

2.280  

6  Agregat Halus 1.41 kg               3.000         

4.230  

 TOTAL HARGA PER UNIT     8.410  

 
 
 

5. Kesimpulan dan Saran 
 
Komposisi optimum rasio aktivator NaOH : Na2SiO3 sebesar : 1: 2 yang menghasilkan kuat tekan dan 

workability tinggi. Paving Block yang dihasilkan pada rasio aktivator 1:1, 1:1,5 1:2  dapat digunakan untuk area 

parkir mobil  ( Mutu B). Paving Block dengan rasio aktivator sebesar 1: 0,5 dapat digunakan untuk pejalan kaki  

( mutu C). 

Biaya paving block geopolimer belum kompetitif dibandingkan dengan harga paving berbahan semen yang ada 

dipasaran sekarang ini karena harga paving geopolimer masih sangat mahal yaitu berkisar 3 s/d 4 kali 

dibandingkan harga paving berbahan semen. Biaya larutan activator harus dapat ditekan sekecil mungkin agar 

dapat menghasilkan harga paving geopolimer yang kompetitif. 
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a b s t r a c t

It is the first time to do investigation the reliability and validity of thirty kinetic and isotherm models for
describing the behaviors of adsorption of silver nanoparticles (AgNPs) onto different adsorbents. The
purpose of this study is therefore to assess the most reliable models for the adsorption of AgNPs onto
feasibility of an adsorbent. The fifteen kinetic models and fifteen isotherm models were used to test
secondary data of AgNPs adsorption collected from the various data sources. The rankings of arithmetic
mean were estimated based on the six statistical analysis methods of using a dedicated software of the
MATLAB Optimization Toolbox with a least square curve fitting function. The use of fractal-like mixed 1,
2-order model for describing the adsorption kinetics and that of Fritz-Schlunder and Baudu models for
describing the adsorption isotherms can be recommended as the most reliable models for AgNPs
adsorption onto the natural and synthetic adsorbent materials. The application of thirty models have
been identified for the adsorption of AgNPs to clarify the usefulness of both groups of the kinetic and
isotherm equations in the rank order of the levels of accuracy, and this significantly contributes to un-
derstandability and usability of the proper models and makes to knowledge beyond the existing
literatures.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Silver nanoparticles (AgNPs) have been widely used in many
industrial applications due to they have many advantageous
properties of such as antibacterial, antifungal, antiviral, anti-
inflammatory, anti-angiogenic and anticancer agents, as well as
high electrical conductivity and high sensitivity (Desireddy et al.,
2013; Kumar et al., 2008; Le Ouay and Stellacci, 2015; Naik et al.,
2002; Park et al., 2012; Zhang et al., 2016). However, the exces-
sive amount of AgNPs released from industrial products of such as
detergents, textiles, toys, cosmetics and medical devices can have
the potential to cause the risks to human health and the environ-
ment because of its antimicrobial effects and subsequent product
applications, and the presence of AgNPs in the environment poses
undesirable effects on plants of being inhibited seed germination
and growth and has substantial adverse to microbial communities
in engineered or natural ecosystems (Chen et al., 2017; Quadros and
Marr, 2010; Tripathi et al., 2017). The content of AgNPs released
from industrial products becomes more important and concerned
inmany countries because it can cause toxicity to aquatic biota near
sources such as sewage discharges.

Adsorption found to be effective and cheap method among the
available heavy metals removal methods and has beenwidely used
to remove AgNPs from water. The use of nitrogen rich core-shell
magnetic mesoporous silica as adsorbent has been proven to be
effective for the removal of AgNPs from water with an adsorption
capacity of 909.1mg g�1 (Zhang et al., 2017). The use of glass beads
as adsorbent can remove up to 75% of AgNPs (Polowczyk et al.,
2015). The use of aged iron oxide magnetic particles synthesized
by a simple solvothermal method can remove up to 90% of AgNPs
for a contact time of 90min (Zhou et al., 2017). The elimination of
AgNPs from synthetic wastewater by electrocoagulation has been
proven to be effective by using four different routes (Matias et al.,
2015).

Many theoretical and empirical models have been proposed for
describing mechanisms of AgNPs adsorption from aqueous solu-
tion. However, the report provides practical guidance for choosing
an appropriate method by comparing two, three or four models
only. Four kinetic models of Lagergren pseudo-first-order, pseudo-
second-order, Elovich and intraparticle diffusion have been tested
for modeling the adsorption kinetics of AgNPs from aqueous so-
lution to justify that two-parameter equations of pseudo-second-
order showed more applicability than six-parameter equations of
pseudo-first-order, Elovich and intraparticle diffusion (Ruíz-
Baltazar et al., 2015). Application of four kinetics models and
three isotherm models has been proposed for simulating the
experimental data of AgNPs adsorption onto different adsorbents
to show that all the data can have a better fit for both the kinetic
model of pseudo-second-order and the isotherm model of Lang-
muir (Zhou et al., 2017). Two kinetic models (i.e., pseudo-first-order
and pseudo-second-order) and three isotherm models (i.e.,

Dubinin-Radushkevich, Freundlich and Langmuir) have been pro-
posed to test the experimental data of AgNPs adsorption and
confirmed that using the pseudo-second-order and Langmuir
models can getmore accurate estimates of the parameter equations
(Wu et al., 2017). The use of two kinetic models (i.e., pseudo-first-
order and pseudo-second-order) and two isotherm models (i.e.,
Freundlich and Langmuir) has been used to simulate the experi-
mental data of AgNPs adsorption to show that the most reliable
estimates of the parameter equations were found with the pseudo-
second-order and Langmuir models (Zhang et al., 2017). The use of
Langmuir model has been proven to be better than that of
Freundlich model for describing the adsorption of AgNPs on the
surface of sodium montmorillonite nanoclays (Zarei and Barghak,
2015). Three models of pseudo-first-order, pseudo-second-order
and Langmuir have been used to explain many observations in
adsorption of AgNPs on the surface of a natural material of added
Aeromonas punctate strain to show that the experimental datawere
fit well with the Langmuir and pseudo-second-order models (Khan
et al., 2012). Modeling of experimental data for the adsorption of
AgNPs from aqueous solution using the copper-basedmetal organic
framework nanoparticles would fit well with the pseudo-second-
order and Langmuir models, and the Langmuir isotherm does
describe equilibrium behavior better than the Freundlich isotherm
due to the adsorption does not continue beyond a monolayer
(Conde-Gonz�alez et al., 2016). However, the experimental data for
the adsorption of AgNPs on commercial activated carbon showed
that the Freundlich isotherm can describe equilibrium behavior
better than the Langmuir isotherm because of the adsorption
continues beyond a monolayer (Gicheva and Yordanov, 2013). The
conclusions obtained from different studies did show that the
usefulness of statistical tests in model validation for the adsorption
of AgNPs on the surface of a material is very limited.

The interpretation of adsorption isotherms has been reviewed
for the applications of one one-parameter isotherm of Henry's
model, thirteen two-parameter isotherms of Hill-Deboer, Fowler-
Guggenheim, Langmuir, Freundlich, Dubinin-Radushkevich, Tem-
kin, Flory-Huggins, Hill, Hasley, Harkin-Jura, Jovanovic, Elovich and
Kiselev models, eight three-parameter isotherms of Redlich-
Peterson, Sips, Toth, Koble-Carrigan, Kahn, Radke-Prausnits, Lang-
muir-Freundlich and Jossens models, four four-parameter iso-
therms of Fritz-Schlunder, Baudu, Weber-Van Vliet and
Marczewski-Jaroniec models, and one five-parameter isotherm
model developed by Fritz and Schlunder whereas the error analysis
was performed using the nine methods of Sum of Square of Errors
(ERRSQ), Hybrid Fractional Error Function (HYBRID), Average
Relative Error (ARE), Marquardt's Percent Standard Deviation
(MPSD), Sum of Absolute Errors (EABS), Sum of Normalized Errors
(SNE), Coefficient of Determination (R2), Nonlinear Chi-Square Test
(X2), Coefficient of Nondetermination (1.00 e R2). This review
concludes that the level of accuracy would be dependent on the
successful modeling and interpretation of adsorption isotherms
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(Ayawei et al., 2017). Even if the mass transfer factor (MTF) models
to describe the adsorption kinetics of AgNPs solely in water
(Fulazzaky, 2011, 2012) and the modified MTF models to describe
the adsorption kinetics of AgNPs accompanied with multifarious
solute in water (Fulazzaky et al., 2013, 2014; 2017) have not been
used to possibly distinguish between the filmmass transfer and the
porous diffusion and to determine the resistance of mass transfer, it
could be a challenge of verifying the possibility of using many other
mathematical models to understand the behaviors of AgNPs
adsorption. The aim of this study was to evaluate the use of fifteen
kinetic models and that of fifteen isotherm models for describing
the behaviors of AgNPs adsorption onto different adsorbents from
aqueous solution. In the present work, the use of dedicated soft-
ware program of the MATLAB Optimization Toolbox with a least
square curve fitting (lsqcurvefit) function can be used as a frame-
work to systematically manipulate and compare the application of
six statistical methods of analysis toward a better understanding on
the adsorption behaviors of AgNPs.

2. Materials and methods

2.1. Data collection

The data of AgNPs adsorption provided by secondary data
sources were used as input to a numerical simulation process. The
biological and non-biological adsorbent materials were all consid-
ered being testable in this study. The experimental data of AgNPs
adsorption onto the synthetic materials of glass beads (GB)
collected by Polowczyk et al. (2015), aged iron oxide magnetic
particles (AIOMP) collected by Zhou et al. (2017), Fe3O4@ poly-
dopamine core-shell microspheres (FPC) collected by Wu et al.
(2017) and poly (ethylenimine) functionalized core-shell mag-
netic mesoporous silica composites (PFC) collected by Zhang et al.
(2017) as well as those onto the natural (biological) material of
using the strains of Aeromonas punctata (AP) collected by Khan et al.
(2012) were reviewed to assess the reliability of a model and to
compare different models.

2.2. Numerical simulation

2.2.1. Adsorption kinetic models
This study used the fifteen kinetic models to assess the behav-

iors of AgNPs adsorption onto different materials. To date, some of
these models have been used as systemic approaches to simulate
the secondary data (Khan et al., 2012; Polowczyk et al., 2015; Wu
et al., 2017; Zhang et al., 2017; Zhou et al., 2017) in spite of many
other models such as the MTF and modified MTF models
(Fulazzaky, 2011, 2012; Fulazzaky et al., 2013, 2014; 2017) are still
not considered for the analysis of the data.

In this work, the first-order model as proposed by Gupta et al.
(2001) for dynamic modeling of lead and chromium removal
from aqueous solution on red mud was used to assess the reason-
ableness of accounting its two-parameter equations and this can be
mathematically written as follows:

qt ¼ qe � expð�k1tÞ (1)

where qt is the adsorption capacity (mg g�1) at time t (min), qe is
the adsorption capacity at equilibrium (mg g�1), and k1 is the first-
order rate constant (min�1).

The Ritchie second-order model has been used to describe the
adsorption of cadmium ions from effluents using bone char
(Cheung et al., 2001) and can be mathematically formulated
(Cheung et al., 2001; Khambhaty et al., 2009) as:

qt ¼ qe
1þ qek2t

(2)

where k2 is the second-order rate constant (min�1).
The pseudo-first-order model, firstly proposed by Lagergren

(1898) to describe the kinetic process of liquid-solid phase
adsorption of oxalic acid and malonic acid onto charcoal and then
used by Ho and McKay (1998a) to describe the pseudo-first order
sorption kinetics of phosphate onto tamarind nut shell activated
carbon, can be mathematically written as the following formula:

qt ¼ qe
�
1� exp

��kp1t
��

(3)

where qe is the adsorption capacity at equilibrium (mg g�1), and kp1
is the pseudo-first-order rate constant (min�1).

A kinetic model of the pseudo-second-order as proposed by Ho
andMcKay (1998b) to describe the chemisorption of divalent metal
ions onto peat may be used to compare protocols and tests and this
can be expressed as follows:

qt ¼
kp2q2e t

1þ kp2qet
(4)

where kp2 is the pseudo-second-order rate constant (min�1).
The intraparticle diffusion model (Plazinski and Rudzinski,

2009) to describe the transportation of species from the bulk to
solid phase of porous material in solution may take the following
form:

qt ¼ kip
ffiffi
t

p
þ cip (5)

where kip is the measure of diffusion coefficient (mg g�1 min�1(1/2))
and cip is the intraparticle diffusion constant (mg g�1).

A power model of describing the adsorption behaviors as pro-
posed by Khambhaty et al. (2009) can bemathematically written as
follows:

qt ¼ kptvp (6)

where kp and vp are the power constants of the model.
The Avrami's model to describe the kinetics of phase trans-

formation under the assumption of spatially randomnucleation has
been used for assessing the adsorption of either methylene blue or
Hg(II) from aqueous solution (Lopes et al., 2003; Royer et al., 2009)
and can be expressed by the following equation:

qt ¼ qe
�
1� expð�kavtÞnav

�
(7)

where kav the Avrami rate constant (min�1) and nav is the Avrami
component (dimensionless).

The Banghammodel has been used to describe the adsorption of
anionic and cationic dyes on activated carbon from aqueous solu-
tion (Rodríguez et al., 2009) and can be written in the form of:

qt ¼ kbt
1=m (8)

where kb is the adsorption rate constant (mg g�1 min�1) and m is
the indicator of adsorption intensity (dimensionless).

A kinetic model derived from the pseudo-first-order and
pseudo-second-order called the mixed 1, 2-order model as pro-
posed byMarczewski (2010) to assess the kinetics of dye adsorption
onto mesoporous carbons from aqueous solution can be proposed
in this work to assess the behaviors of AgNPs adsorption. The for-
mula of the mixed 1, 2-order model can be written as follows:
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qt ¼ qe
1� expð�ktÞ
1� f2expð�ktÞ (9)

where f2 is the mixed 1,2-order coefficient (dimensionless) and k is
the adsorption rate constant (mg g�1 min�1).

An exponential form of the kinetic equation (Haerifar and
Azizian, 2013) can be used to describe the pattern of adsorption
rate with time where its mathematical equation can be written in
the following form:

qt ¼ qeln½2:72� 1:72expð�ketÞ� (10)

where ke is the constant of the exponential model (mg g�1 min�1).
A modified exponential model called as the fractal-like expo-

nential model has been proposed by Haerifar and Azizian (2013) for
the adsorption on heterogeneous solid surface and can be written
in the form of:

qt ¼ qeln
h
2:72� 1:72exp

�
� kflet

a
�i

(11)

where kfle is the fractal-like exponential rate coefficient (mg g�1

min�1) and a is the constant of the model (dimensionless).
The Boyd's model as proposed by Kumar et al. (2014) to predict

the actual slowest step in the adsorption process and by Viegas
et al. (2014) for estimating intraparticle diffusion coefficients in
adsorption processes can be used to assess the behaviors of AgNPs
adsorption and this can be expressed as:

qt ¼ qe

	
1� 6

p2 expð�BtÞ



(12)

where B is the coefficient that covers the effective diffusion process
and radius of the particles (min�1).

A modification of the pseudo-first-order model called as the
Fractal-like pseudo-first-order model has been proposed by
Haerifar and Azizian (2014) to introduce the fractal concept and can
be written as:

qt ¼ qe
h
1� exp

�
� kflfot

a
�i

(13)

where kflfo is the fractal-like pseudo-first-order coefficient (mg g�1

min�1) and a is the fractal-like pseudo-first-order model constant.
A modification of the pseudo-second-order model called as the

fractal-like pseudo-second-order model proposed by Haerifar and
Azizian (2014) to introduce the fractal concept can be mathemati-
cally written as:

qt ¼
kflsoq

2
e t

a

1þ kflsoqeta
(14)

where kflso is the fractal-like pseudo-second-order coefficient (mg
g�1 min�1) and a is the fractal-like pseudo-second-order model
constant.

A modification of the mixed 1, 2-order model called as the
fractal-like mixed 1, 2-order model proposed by Haerifar and
Azizian (2014) to introduce the fractal concept can be written in
the mathematical expression of:

qt ¼ qe
1� exp

�
� kflfst

a
�

1� f2exp
�
� kflfsta

� (15)

where kflfs is the fractal-like mixed 1, 2-order coefficient (mg g�1

min�1) and a and f2 are the fractal-like mixed 1, 2-order model

constants.

2.2.2. Adsorption isotherm models
To do a computation of performance of an adsorption system for

selecting the most appropriate model, this study used the fifteen
isotherm models to assess the behaviors of AgNPs adsorption onto
different materials.

The Langmuir model proposed by Langmuir (1918) has been
widely used to describe the adsorption occurred on homogenous
surface by monolayer sorption with a finite number of identical
sites such as for the adsorption of 2,4,6-trichlorophenol on coconut
husk-based activated carbon (Hameed et al., 2008) and this can be
mathematically expressed as:

qe ¼ KLqmCe
1þ KLCe

(16)

where qe is the adsorption capacity at equilibrium (mg g�1), qm is
the maximum adsorption capacity per unit weight of the adsorbent
(mg g�1), Ce is the concentration of adsorbate at equilibrium (mg
L�1) and KL is the Langmuir constant relating the affinity of the
binding sites (L mg�1).

The Freundlich model empirically developed by Freundlich
(1906) would be suitable to describe sorption of several com-
pounds to heterogeneous surfaces or surfaces supporting sites of
varied affinities, assuming that stronger binding sites are occupied
first and then binding strength decreases with increasing degree of
site occupation (Silva et al., 2013), and can be expressed in the form
of:

qe ¼ Kf C
1=n
e (17)

where Kf is the Freundlich constant relating the sorption capacity (L
g�1) and n is the sorption intensity of adsorbent (dimensionless).

The Langmuir-Freundlich models would be suitable for
describing both types of Langmuir and Freundlich adsorption
isotherm (Jeppu and Clement, 2012) and can be written as:

qe ¼ qmðKaCeÞn
1þ ðKaCeÞn

(18)

where Ka is the affinity constant representing the degree of
adsorption (L mg�1) and n is the heterogeneity index.

The Redlich-Peterson model offers a compromise between two
isotherm models of Langmuir and Freundlich by assuming the
mechanism of adsorption is a hybrid and does not follow ideal
monolayer adsorption (Wang et al., 2005) and can be formulated as
follows:

qe ¼ KRPCe
1þ aRPCb

e
(19)

where KRP and aRP are the Redlich-Peterson isotherm constants (L
g�1) and b is the exponent that lies between 0 and 1.

The Toth model as empirical modification of the Langmuir
model aims of reducing the error between experimental data and
predicted values of equilibrium data (Ayawei et al., 2017;
Sivarajasekar and Baskar, 2014) and can be written as:

qe ¼ qmCe�
KT þ CnT

e
�nT

(20)

where KT is the Toth isotherm constant (mg g�1) and nT is the Toth
model exponent (mg g�1).

The Khan isotherm model has been used to describe the
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experimental data with the minimum average percentage error for
the adsorption of some pollutants from aqueous solutions by
comparing several multicomponent adsorption isotherms (Ayawei
et al., 2017; Khan et al., 1997) and can be expressed in the gener-
alized mathematical expression of:

qe ¼ qmbKCe
ð1þ bKCeÞaK

(21)

where bK is the Khan isotherm constant (L mg�1) and aK is the Khan
isotherm model exponent.

The Jovanovic model developed based on the assumptions
contained in the Langmuir model with the possibility of some
mechanical contacts between the adsorbing and desorbing mole-
cules (Ayawei et al., 2017; Shahbeig et al., 2013) and can be
formulated as follows:

qe ¼ qm
�
1� exp

��KJCe
��

(22)

where KJ is the Jovanovic constant (L g�1).
The Koble-Corrigan model proposed by Koble and Corrigan

(1952) as a three-parameter equation of isotherm model which
incorporates both Langmuir and Freundlich isotherms for repre-
senting equilibrium data of adsorption on heterogeneous surfaces
(Ayawei et al., 2017; Shahbeig et al., 2013) and can be represented
by the following formula:

qe ¼ qmaCd
e

1þ bCd
e

(23)

where a, b, and d are the Koble-Corrigan isotherm constants.
The Rake-Prausnitz model developed based on the concept of

thermodynamic ideal solution by Radke and Prausnitz (1972) has
several important properties which makes it more preferred in
most adsorption systems to low adsorbate concentration (Ayawei
et al., 2017; Sivarajasekar and Baskar, 2014) and can be expressed
as:

qe ¼ qmaRPCe
½1þ aRPCe�nRP

(24)

where aRP is the Radke-Prausnitz equilibrium constant (L mg�1)
and nRP is the Radke-Prausnitz model exponent.

The Fritz-Schlunder model proposed by Fritz and Schluender
(1974) as an empirical equation can fit a wide range of experi-
mental data (Ayawei et al., 2017) and can be expressed as follows:

qe ¼ aFSC
cFS
e

1þ bFSC
dFS
e

(25)

where aFS and bFS are the Fritz-Schlunder equilibrium constants (L
g�1) and cFS and dFS are the Fritz-Schlunder model exponents.

The Baudu model developed from the estimation of the Lang-
muir coefficients model by the measurements of tangents at
different equilibrium concentrations (Ayawei et al., 2017; McKay
et al., 2014; Sivarajasekar and Baskar, 2014) can be expressed as
follows:

qe ¼ qmbBC
1þxþy
e

1þ bBC1þx
e

(26)

where bB is the Baudu equilibrium constant (L mg�1), x and y are
the Baudu model parameters.

The Marczewski-Jaroniec model known as the four-parameter
general Langmuir equation has bee developed on basis the

distribution of the supposition of local Langmuir isotherm and
adsorption energies distribution in the active sites on adsorbent
(Chen, 2003; Sivarajasekar and Baskar, 2014) and can be expressed
by the following formula:

qe ¼
2
4 qmaMJC

bMJ
e

1þ aMJC
bMJ
e

3
5mMJ=bMJ

(27)

where aMJ is the Marczewski-Jaroniec equilibrium constant (L
mg�1) and bMJ and mMJ are the Marczewski-Jaroniec model
exponents.

The Hill model developed by Hill (1910) based on the assump-
tion that adsorption is a cooperative phenomenon with adsorbates
at one site of the adsorbent influencing different binding sites on
the same adsorbent (Rania and Yousef, 2015) can describe the
binding of different solutes onto homogeneous adsorbent and can
be written as:

qe ¼ qmC
nH
e

KH þ CnH
e

(28)

where KH is the Hill isotherm constant and nH is the Hill coefficient.
Notes that the values of nH> 1, nH¼ 1 and nH< 1 indicate positive
cooperativity, non-cooperative or hyperbolic binding and negative
cooperativity in binding, respectively.

The Brouers-Sotolongo model is an adsorption isotherm model
given by a deformed exponential function of Weibull distribution
(Podder and Majumder, 2016) and this can be written by the
following formula:

qe ¼ qm
�
1� exp

�� KBSC
nBS
e
��

(29)

where KBS is the BrouerseSotolongo equilibrium constant (L mg�1)
and nBS is the BrouerseSotolongo model exponent.

The Unilin model is one of the empirical correlations to express
experimental data for representing the adsorption (Valenzuela and
Myers, 1989) and can be mathematically formulated as follows:

qe ¼ qm
2bU

ln
�

aU þ CeexpðbUÞ
aU þ Ceexpð�bUÞ

�
(30)

where aU is the Unilin equilibrium constant and bU is the Unilin
model exponent.

2.3. Error analysis for application of the kinetic and isotherm
models

This study used the dedicated software of the MATLAB Opti-
mization Toolbox with its lsqcurvefit function to simulate and
analyze the experimental data of AgNPs adsorption on the natural
and synthetic adsorbent materials. The algorithms can perform
calculation, data processing and automated reasoning tasks based
on the nonlinear lsqcurvefit function found in the MATLAB to find
the coefficient of determination (R2), root mean squared error
(RMSE), percentage of error in maximum estimated value (Emax),
percentage of error in minimum estimated value (Emin), mean ab-
solute percent error (MAPE) and mean absolute deviation (MAD)
for statistical analysis significance tests for all the kinetic and
isotherm models. The first condition induces a ranking of the
arithmetic mean for every model in terms of accuracy. Because of
the arithmetic mean is the most commonly used and readily un-
derstood measure of central tendency, the selection of a potential
model with comparison of the other models as a function of the
number of terms in each model is based on the arithmetic mean
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information criteria. Finally, the best model order can be deter-
mined using the minimum value of average ranking (AR). The
mathematical equation of the statistical analysis methods can be
described as follows:

(1) For the coefficient of determination,

R2 ¼ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP �

xobs; i � xmodel; i
�2

P�
xobs; i � xobs

�2
vuut (31)

(2) For the root mean squared error,

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1
�
xobs; i � xmodel; i

�2
n

s
(32)

(3) For the percentage of error in maximum estimated value,

Emax ¼
xmodel; max � xobs; max

xobs; max

� 100% (33)

(4) For the percentage of error in minimum estimated value,

Emin ¼
xmodel; min � xobs; min

xobs; min

� 100% (34)

(5) For the mean absolute percent error,

MAPE ¼
 
1
n

Xxobs;i � xmodel;i
xobs;i
!

� 100% (35)

(6) For the mean absolute deviation,

MAD ¼ 1
n

Xxobs;i � xmodel;i
 (36)

where xobs,i is the data obtained from observation at time i, xmodel,i
is the data modeled for observation at time i, n is the number of
data, xmodel,max is the maximum value of the modeled data, xobs,max
is the maximum value of the observed data, xmodel,min is the mini-
mum value of the modeled data, and xobs,min is the minimum value
of the observed data.

3. Results and discussion

3.1. Results

The requirement to define a proper model for the adsorption of
AgNPs onto different adsorbents has been becoming a concern in
terms of AgNPs removal (Sheng and Liu, 2017). In this work, the
following criteria were used to rank the goodness-of-fit testing of
the kinetic and isotherm models to experimental data that the
value of AR < 3.75, that of 3.75�AR� 7.50, that of 7.50<AR� 11.25
and that of 11.25< AR � 15 represent the very good, good, satis-
factory and poor adsorption performance, respectively. The results
of ranking the values of every statistical analysis method for the
adsorption of AgNPs onto different adsorbents were analyzed on
the basis of measuring the values of the parameter equations of
each model (see Tables 1 and 2 in Supplementary materials) and
can be then used to verify if one kinetic or isothermmodel could fit
the data better than others.

3.1.1. Adsorption of AgNPs on glass beads
The results (Table 3 in Supplementary materials) of ranking the

values of arithmetic mean being obtained from every statistical
analysis method for the kinetic models of AgNPs adsorption on GB
show that the statistical analysis for the fractal-like mixed 1, 2-

order, fractal-like pseudo-first-order and fractal-like exponential
models gives a very good fit to experimental data as their AR values
of 1.2, 2.3 and 3.3, respectively, have been verified with a best fit
being obtained for the fractal-like mixed 1, 2-order model due to its
lowest AR value of 1.2. A good fit can be obtained for the fractal-like
pseudo-second-order, Power, Boyd and Bangham models as their
AR values of 3.8, 5.5, 5.7 and 6.2, respectively, were verified. The
model-data fit can be considered satisfactory for the intraparticle
diffusion, pseudo-second-order, mixed 1, 2-order and exponential
models since the AR values were verified as high as 8.3, 9.3, 9.3 and
11.2, respectively. The statistical analysis for the pseudo-first-order,
first order, Avrami and second-order models gives a poor fit to the
data due to their AR values of 13.0, 13.2, 13.3 and 14.3, respectively,
were verified and this reveals a very poor fit being obtained for the
second-order model because of its AR value of 14.3 is higher than
others.

The analysis of using the values of arithmetic mean for the
isotherm models of AgNPs adsorption on GB (see Table 4 in Sup-
plementary materials) shows that the Fritz-Schlunder and Baudu
models give a very good fit to experimental data as their AR values
of 1.67 and 2.67, respectively, have been verified with a best fit
being obtained for the Fritz-Schlunder model verified by its lowest
AR value of 1.67. A good fit can be found for the Khan, Toth and
Radke-Prausnitz models as it can be verified by observation of their
AR values of 3.67, 4.17 and 4.67, respectively. The verification of
model-data fit carried out using the Brouers-Sotolongo, Hill,
Redlich-Peterson, Jovanovic, Maczewski-Jaroniec, Koble-Corrigan
and Langmuir models can be considered satisfactory since this view
deals with the AR values as high as 7.67, 8.00, 8.17, 9.33, 10.00, 10.38
and 11.17, respectively. The statistical data analysis gives a poor fit
for the Langmuir-Freudlich, Unilin and Freundlich models as it has
been verified by the observation of the AR values as high as 12.00,
12. 17 and 13.83, respectively, and this verification reveals a very
poor fit for the Freundlich model due to its AR value of 13.83 is
higher than others.

3.1.2. Adsorption of AgNPs on aged iron oxide magnetic particles
The results (Table 5 in Supplementary materials) of numerical

simulation by the kinetic models of AgNPs adsorption on AIOMP
show that the statistical analysis for the fractal-like mixed 1, 2-
order, mixed 1, 2-order and fractal-like pseudo-first-order kinetic
models gives a very good fit to experimental data as their AR values
of 1.33, 1.83 and 2.83, respectively, have been verified with a best fit
being obtained for the fractal-like mixed 1, 2-order model due to its
lowest AR value of 1.33. A good fit can be obtained for the fractal-
like exponential, fractal-like pseudo-second-order, pseudo-first-
order and Avrami models since their AR values of 4.00, 5.00, 6.33
and 7.00, respectively, were verified. The model-data fit can be
considered satisfactory for the exponential, pseudo-second order
and powermodels because of the AR values were verified as high as
8.17, 9.17 and 10.67, respectively. The statistical analysis for the
Bangham, Boyd, intraparticle diffusion, first-order and second-
order models gives a poor fit to the data due to their AR values of
11.33, 11.33, 12.00, 14.33 and 14.67, respectively, were verified and
this reveals a very poor fit being obtained for the second-order
model because of its AR value of 14.67 is higher than others.

The analysis of using the values of arithmetic mean for the
isotherm models of AgNPs adsorption on AIOMP (see Table 6 in
Supplementary materials) shows that the only Brouers-Sotolongo
model gives a very good fit to experimental data due to its AR
value of 1.00 has been verified. A good fit can be found for the
Langmuir-Freudlich, Fritz-Schlunder, Baudu, Koble-Corrigan, Hill,
Maczewski-Jaroniec and Jovanovic models as it can be verified by
observation of their AR values of 4.00, 4.50, 4.50, 4.67, 4.83, 5.50
and 7.00, respectively. The verification of model-data fit carried out
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using the Toth, Khan and Radke-Prausnitz models can be consid-
ered satisfactory since this view deals with the AR values as high as
9.67, 9.83 and 10.50, respectively. The statistical data analysis gives
a poor fit for the Langmuir, Unilin, Redlich-Peterson and Freundlich
models as it has been verified by the observation of the AR values as
high as 12.33, 12.67, 14.33 and 14.67, respectively, and this verifi-
cation reveals a very poor fit for the Freundlich model due to its AR
value of 14.67 is higher than others.

3.1.3. Adsorption of AgNPs on Fe3O4@ polydopamine core-shell
microspheres

The results (Table 7 in Supplementary materials) of ranking the
values of arithmetic mean being obtained from every statistical
analysis method for the kinetic models of AgNPs adsorption on FPC
show that the statistical analysis for the fractal-like mixed 1, 2-order
and pseudo-second order models gives a very good fit to experi-
mental data because of their AR values of 1.17 and 2.83, respectively,
have been verified with a best fit being obtained for the fractal-like
mixed 1, 2-order model due to its lowest AR value of 1.17. A good fit
can be obtained for the pseudo-first-order, first order, exponential,
Boyd andAvramimodels since their AR values of 4.83, 5.17, 5.33, 5.33
and 5.83, respectively, were verified. The model-data fit can be
considered satisfactory for the fractal-like exponential, Bangham,
power, fractal-like pseudo-first-order and mixed 1, 2-order models
since their AR valueswere verified as high as 9.33,10.00,10.17,10, 50,
and 11.17, respectively. The statistical analysis for the fractal-like
pseudo-second-order, intraparticle diffusion and second-order
models gives a poor fit to the data because of their AR values of
11.50, 12.17 and 14.67, respectively, were verified and this reveals a
very poorfit being obtained for the second-ordermodel due to its AR
value of 14.67 is higher than others.

The analysis of using the values of arithmetic mean for the
isotherm models of AgNPs adsorption on FPC (see Table 8 in Sup-
plementary materials) shows that the only Koble-Corrigan model
give a very good fit to experimental data as its AR value of 2.17 has
been verified. A good fit can be found for the Toth, Khan, Brouers-
Sotolongo, Fritz-Schlunder, Baudu, Langmuir-Freudlich and
Maczewski-Jaroniec models as it can be verified by observation of
their AR values of 3.67, 4.00, 5.17, 6.33, 6.33, 6,67 and 7.00,
respectively. The verification of model-data fit carried out using the
Hill, Jovanovic and Langmuir models can be considered satisfactory
since this view deals with their AR values as high as 9.33, 9.50 and
9.83, respectively. The statistical data analysis gives a poor fit for the
Unilin, Radke-Prausnitz, Freundlich and Redlich-Peterson models
as it has been verified by the observation of the AR values as high as
12.17, 12. 33, 12.50 and 13.00, respectively, and this verification
reveals a very poor fit for the Redlich-Peterson model due to its AR
value of 13.00 is higher than others.

3.1.4. Adsorption of AgNPs on Poly(ethylenimine) functionalized
core-shell magnetic

The results (Table 9 in Supplementary materials) of ranking the
values of arithmetic mean being obtained from every statistical
analysis method for the kinetic models of AgNPs adsorption on PFC
show that the statistical analysis for the fractal-like pseudo-first-
order, fractal-like mixed 1, 2-order and fractal-like exponential
models gives a very good fit to experimental data as their AR values
of 2.00, 2.83 and 3.17, respectively, have been verified with a best fit
being obtained for the fractal-like pseudo-first-order model
because of its lowest AR value of 2.00. A good fit can be obtained for
the fractal-like pseudo-second-order, Boyd, pseudo-second-order,
power and mixed 1, 2-order models as their AR values of 4.17,
5.83, 6.67, 7.00 and 7.00, respectively, were verified. The model-
data fit can be considered satisfactory for the Bangham, intra-
particle diffusion and exponential models since the AR values were

verified as high as 7.67, 10.33 and 10.33, respectively. The statistical
analysis for the pseudo-first-order, Avrami, first-order and second-
order models gives a poor fit to the data due to their AR values of
11.67, 12.33, 14.50 and 14.50, respectively, were verified and this
reveals a very poor fit being obtained for the first-order and second-
order model because of the same their AR value of 14.50 is higher
than others.

The analysis of using the values of arithmetic mean for the
isotherm models of AgNPs adsorption on PFC (see Table 10 in
Supplementary materials) shows that the only Freundlich model
give a very good fit to experimental data as its AR value of 3.67 has
been verified. A good fit can be found for the Radke-Prausnitz, Toth,
Fritz-Schlunder, Khan, Brouers-Sotolongo, Koble-Corrigan and
Baudumodels as it can be verified by observation of their AR values
of 4.33, 4.50, 5.33, 5.50, 6.67, 7.17 and 7.33, respectively. The veri-
fication of model-data fit carried out using the Langmuir-Freudlich,
Maczewski-Jaroniec and Unilin models can be considered satis-
factory since this view deals with the AR values as high as 8.00, 8.67
and 9.33, respectively. The statistical data analysis gives a poor fit
for the Jovanovic, Langmuir, Hill and Redlich-Petersonmodels since
it has been verified by the observation of the AR values as high as
11.83, 12.50, 12.50 and 12.67, respectively, and this verification re-
veals a very poor fit for the Redlich-Peterson model due to its AR
value of 12.67 is higher than others.

3.1.5. Adsorption of AgNPs on Aeromonas punctata
The results (Table 11 in Supplementary materials) of ranking the

values of arithmetic mean being obtained from every statistical
analysis method for the kinetic models of AgNPs adsorption on AP
show that the statistical analysis for the fractal-like mixed 1, 2-
order, fractal-like pseudo-first-order and fractal-like exponential
models gives a very good fit to experimental data because of their
AR values of 1.5, 2.3 and 3.5, respectively, have been verified with a
best fit being obtained for the fractal-like mixed 1, 2-order model
due to its lowest AR value of 1.5. A good fit can be obtained for the
mixed 1, 2-order, fractal-like pseudo-second-order, pseudo-first-
order and exponential models as their AR values of 5.7, 5.8, 5.7,
7.3 and 7.5, respectively, were verified. The model-data fit can be
considered satisfactory for the Avrami, power, Bangham, pseudo-
second-order and intraparticle diffusion models since the AR
values were verified as high as 8.3, 8.7, 9.7, 10.3 and 10.7, respec-
tively. The statistical analysis for the Boyd, second-order and first-
order models gives a poor fit to the data due to their AR values of
11.5,13.5 and 13.7, respectively, were verified and this reveals a very
poor fit being obtained for the first-order model because of its AR
value of 13.7 is higher than others.

The analysis of using the values of arithmetic mean for the
isotherm models of AgNPs adsorption on GB (see Table 12 in Sup-
plementary materials) shows that the Maczewski-Jaroniec, Bro-
uers-Sotolongo, Fritz-Schlunder and Baudumodels give a very good
fit to experimental data since their AR values of 1.33, 2.17, 3.00 and
3.50, respectively, have been verified with a best fit being obtained
for the Maczewski-Jaroniec model as verified by its lowest AR value
of 1.33. A good fit can be found for the Unilin, Langmuir-Freudlich
and Koble-Corrigan models as it can be verified by observation of
their AR values of 5.33, 6.50 and 6.50, respectively. The verification
of model-data fit carried out using the Hill, Toth, Khan, Langmuir,
Jovanovic and Radke-Prausnitz models can be considered satis-
factory since this view deals with their AR values as high as 7.50,
9.50, 10.00, 11.00, 11.00 and 11.00, respectively. The statistical data
analysis gives a poor fit for the Freundlich and Redlich-Peterson
models as it has been verified by observation of the AR values as
high as 13.50 and 15.00, respectively, and this verification reveals a
very poor fit for the Redlich-Peterson model due to its AR value of
15.00 is higher than others.
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3.2. Discussion

3.2.1. Application of the adsorption kinetic models
The error analysis has been one of the most applied tools for

defining the best fitting adsorption models because it consists of
different statistical methods for determining the values of such as
R2, RMSE, Emax, Emin, MAPE andMAD (Ayawei et al., 2017;Madhavan
et al., 2016; Sivarajasekar and Baskar, 2014). This analysis induces a
ranking of the arithmetic mean in term of accuracy for every model.
The results (Tables 3, 5, 7, 9, 11 in Supplementary materials) show
that the adsorption kinetic models for the adsorption of AgNPs do
fit to the experimental data depending on type of the adsorbent. It
is an inconsistency in the representational content of different
models for the adsorption of AgNPs from aqueous solution and
spectrum of the stimulating zone depends on AgNPs properties and
environmental conditions (Sheng and Liu, 2017). The experimental
evidence of the existence of fractal-like mixed 1, 2-order model for
modeling the adsorption of AgNPs on GB, AIOMP, FPC, PFC and AP
gives a very good fit to the data as judged by all the AR values of
below than 3.75 in spite of the analysis of using the values of Emax,
Emin and MAPE as high as 4.00 for the adsorption of AgNPs on PFC
from aqueous solution gives a good fit. A plot (Fig. 1) of qt versus t
for the fractal-like mixed 1, 2-order model shows that the trend
curve is different depending on the adsorbent and can be expressed
as parametric model with a growth curve followed exponential
patternwithin a specific range. The kinetics of AgNPs adsorption on
GB, AIOMP, FPC, PFC or AP with an energetically heterogeneous
surface determine the adsorption capacity and breakthrough time
of the adsorbent of being characterized by its different surface
chemical properties (Fayaz et al., 2017; Haerifar and Azizian, 2014).
The statistical analysis of experimental data for the adsorption of
AgNPs on GB, AIOMP, PFC and AP can be performed using the
fractal-like pseudo-first-order, fractal-like exponential, fractal-like
pseudo-second-order and mixed 1, 2-order models except for: (1)
the use of mixed 1, 2-order model for modeling the adsorption of
AgNPs on GB and PFC by using the R2, RMSE and MAPE values and
AP by using the Emin and MAPE values and (2) the use of fractal-like
pseudo-second-order model for modeling the adsorption of AgNPs
on AP. This conclusion would be due to the use of these models to
rank the values of arithmetic mean can provide a good fit within the
data range as judged by their AR values of 3.75�AR � 7.50. Pre-
vious studies have found the kinetics of AgNPs adsorption on GB,
AIOMP, FPC and PFC followed a pseudo-second-order model
(Polowczyk et al., 2015; Wu et al., 2017; Zhang et al., 2017; Zhou
et al., 2017). It has been reported that the kinetics of adsorption
of AgNPs on AP fitted best to pseudo-first-order (Khan et al., 2012).
In this work, the use of pseudo-second-order, Boyd, power, expo-
nential, pseudo-first-order, Bangham, Avrami and intraparticle
diffusion models can be recommended for modeling the experi-
mental data but it needs to be checked the reliability and validity on
a case-by-case basis because of the error analysis of using the
different statistical methods for determining the values of R2,
RMSE, Emax, Emin, MAPE and MAD can have many reasons for
coming to different conclusions of very good, good, statisfactory
and poor fit to the experimental data. Experimental evidence (see
Tables 3, 5, 7, 9,11,13 in Supplementarymaterials) shows that based
on the verification of arithmetic mean as a statistical measure the
use of first-order and second-order models cannot be recom-
mended for modeling the experimental data except the use of first
order model for modeling the adsorption of AgNPs on FPC due to its
statistical data analysis gives a poor fit to the data as judged by an
AR value of higher than 11.25. In summary, comprehensive per-
formance analysis of the fifteen kinetic models can rank that the
use of the fractal-like mixed 1, 2-order for describing the behaviors
of adsorption of AgNPs is better than fractal-like pseudo-first-order,

better than fractal-like exponential, better than fractal-like pseudo-
second-order, better than mixed 1, 2-order, better than pseudo-
second-order, better than Boyd, better than Power, better than
exponential, better than pseudo-first-order, better than Bangham,
better than Avrami, better than intraparticle diffusion, better than
first order, and better than second-order model as it can be verified
by the overall average AR values of 1.61, 3.99, 4.66, 6.05, 7.00, 7.65,
7.94, 8.41, 8.51, 8.63, 8.98, 9.35, 10.70, 12.18, and 14.33, respectively
(see Table 13 in Supplementary materials).

3.2.2. Application of the adsorption isotherm models
The error analysis may classify the ranking of the arithmetic

mean in term of accuracy for the application of fifteen adsorption
isothermmodels. The results (Tables 4, 6, 8,10,12 in Supplementary
materials) show that the use of the isotherm models for modeling
the adsorption of AgNPs do fit to the experimental data depending
on the type of adsorbent. Even though the experimental evidence
of using (1) the Fritz-Schlunder, Baudu and Khan models for
modeling the adsorption of AgNPs on GB, (2) the Brouers-Sotolongo
model for the adsorption of AgNPs on AIOMP, (3) the Koble-
Corrigan and Toth models for the adsorption of AgNPs on FPC, (4)
the Freundlich model for the adsorption of AgNPs on PFC and (5)
the Maczewski-Jaroniec, Brouers-Sotolongo, Fritz-Schlunder and
Baudumodels for the adsorption of AgNPs on AP shows a very good
fit to the experimental data as judged by the AR value of below 3.75,
the statistical analysis of ranking the arithmetic mean verified that
no one model can be considered as the most reliable estimate of
adsorption isotherm parameters for the adsorption of AgNPs on all
adsorbents of GB, AIOMP, FPC, PFC and AP. It has been reported that
the experimental data best fitted the Langmuir model for the
adsorption of AgNPs on GB, AIOMP, FPC and AP (Khan et al., 2012;
Polowczyk et al., 2015; Wu et al., 2017; Zhou et al., 2017). Both
Langmuir and Freundlich models fitted the experimental data well
for the adsorption of AgNPs on PFC (Zhang et al., 2017). This study
found that themost reliableway of analysing the experimental data
for the adsorption of AgNPs on GB, AIOMP, PFC and AP can be
suggested using the Fritz-Schlunder and Baudu models because of
the use of these two models to rank the values of arithmetic mean
can give a good fit to the data as judged by the AR values of
3.75�AR � 7.50. The trend curve is different depending on the
adsorbent and this can be verified by plotting a curve of qt versus t
as shown in Fig. 2 for the application of Fritz-Schlunder model to
describe the behaviours of AgNPs adsorption. This study of the
adsorption of AgNPs on GB, AIOMP, FPC, PFC or AP evaluated by the
fifteen isotherm models involves plotting the experimental data
and finding the different behavior accumulation curves and this
suggests that the physical and chemical properties of the adsorbent
determine the adsorption capacity and concentration of AgNPs at
equilibrium (Adane et al., 2015; Azeez et al., 2018). The application
of Fritz-Schlunder, Brouers-Sotolongo, Baudu, Koble-Corrigan, Toth,
Maczewski-Jaroniec, Khan, Langmuir-Freudlich, Hill, Radke-
Prausnitz, Jovanovic and Unilin models can be recommended for
modeling the experimental data since the AR values of less than
11.25 were verified in many cases; however, the verification of the
reliability and validity of each model is important for any experi-
mental data to provide guidance and clarity on the specific case of
adsorption isotherm because of the error analysis of determining
the values of R2, RMSE, Emax, Emin, MAPE and MAD can reach
different conclusions of very good, good, statisfactory and poor fit
to the experimental data. The experimental evidence of arithmetic
mean verification (see Tables 4, 6, 8, 10, 12, 14 in Supplementary
materials) shows that the use of Redlich-Peterson model cannot be
recommended for modeling the adsorption of AgNPs on AIOMP,
FPC, PFC and AP due to the statistical data analysis gives a poor fit to
the experimental data as judged by the AR values of higher than
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11.25. In general, the statistical analysis of the experimental data to
evaluate the performance ranking of the fifteen isotherm models
may conclude the Fritz-Schlunder better than Brouers-Sotolongo,
better than Baudu, better than Koble-Corrigan, better than Toth,
better than Maczewski-Jaroniec, better than Khan, better than
Langmuir-Freudlich, better than Hill, better than Radke-Prausnitz,

better than Jovanovic, better than Unilin, better than Langmuir,
better than Freundlich, and better than Redlich-Peterson as it can
be verified by the overall average AR values of 4.17, 4.54, 4.87, 6.27,
6.30, 6.50, 6.60, 7.43, 8.43, 8.57, 9.73, 10.33, 11.37, 11.63, and 12.63,
respectively (see Table 14 in Supplementary materials).

Fig. 1. Curve of plotting qt versus t for assessing the behaviors of AgNPs adsorption on (a) GB, (b) AIOMP, (c) FPC, (d) PFC and (e) AP by the fractal-like mixed 1, 2-order kinetic
model.
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4. Conclusions

This study used fifteen kinetic models and fifteen isotherm
models together with six statistical analysis methods to assess the
level of accuracy for the adsorption of AgNPs from aqueous solution
onto the five types of adsorbent. The results of this study verified
that the fractal-like mixed 1, 2-order model is the best one among
the fifteen kinetic models to be used for describing the behaviors of
adsorption of AgNPs on GB, AIOMP, FPC, PFC and AP and the Fritz-
Schlunder and Baudumodels are themost reliable isothermmodels

to be used for describing the behaviors of adsorption of AgNPs on
GB, AIOMP, PFC and AP. The verification of the reliability and val-
idity of the match of these thirty models with experimental data
would be important to provide guidance and clarity on the kinetic
and isotherm studies of AgNPs adsorption on the GB, AIOMP, FPC,
PFC and AP adsorbent. The application of other kinetic and
isotherm models for studying the adsorption of AgNPs as well as
the application of these thirty models for the adsorption of other
nanoparticles onto different types of adsorbent would be interested
in conducting researches in the future.

Fig. 2. Curve of plotting qe versus Cs for assessing the behaviors of AgNPs adsorption on (a) GB, (b) AIOMP, (c) FPC, (d) PFC and (e) AP by the Fritz-Schlunder isotherm model.
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