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ABSTRACT
A wide variety of oxygenated additives from renewable origin may be used in next-generation biofuels.
In order to contribute to the international effort aimed at developing and using environmentally sustainable fuels, the present study focuses on the thermophysical characterization of new blends of hydrocarbons and 1-butanol (known as a second generation biofuel) through viscosity measurements.
A vibrating-wire viscometer was developed to accurately measure dynamic viscosities at T = (293.15 to 373.15) K and p = (0.1 to 140) MPa. The relative expanded uncertainty of the dynamic viscosity was estimated at 1.5% for a coverage factor k = 2.
As an initial characterization of biofuels, the dynamic viscosities of (1-butanol + 2,2,4-trimethylpentane) and (1-butanol + 1,2,4-trimethylbenzene) mixtures, as well as 1-butanol, are reported at different temperature and pressure conditions. 
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[bookmark: _Ref191642245]1.	Introduction
According to an official communication from the European Union (EU) in 2006 [1], estimated emissions from road transport accounted for 21% of all greenhouse gas emissions. Since 2006, European energy policy has examined Europe's overdependence on imported oil and gas and has developed a consistent approach aimed at gradually  reducing this dependency.
The EU established a strategy for biofuels wherein one of the main objectives was to research into “second generation” biofuels in an effort to support their introduction into the market by increasing demonstration projects and removing non-technical obstacles. 
Second generation biofuels are produced from non-food biomass, such as ligno-cellulosic materials which include by-products, wastes and dedicated feedstocks [2], and are an effective alternative to fossil fuels in addition to offering advantages over first generation fuels [3]. 
According to Szwaja and Naber [4], butanol can replace gasoline as a pure fuel or when blended with gasoline in internal combustion engines since its properties resemble those of gasoline. There are models covering a wide range of compositions, temperatures and pressures, which are capable of predicting properties such as phase equilibrium, enthalpy, heat capacity, etc. However, there remains a great need for reliable predictions and accurate thermodynamic as well as thermophysical behaviour data [5]. 
Our research group is engaged in this task and some measurements of mixtures of alcohol + hydrocarbon have been performed such as vapour-liquid equilibria [6,7], excess enthalpies [8], densities and heat capacities [9]. In this paper, dynamic viscosities are reported for the binary mixtures (1-butanol + 2,2,4-trimethylpentane) and (1-butanol + 1,2,4-trimethylbenzene) at four temperatures (293.15, 313.15, 333.15, 353.15) K, pressures up to 140 MPa and mole fractions of 1-butanol x = (0.3, 0.5, 0.8, 1). Viscosity data of the pure hydrocarbons have already been published [10].

2.	Experimental 
2.1.	Materials
1-Butanol and 2,2,4-trimethylpentane were purchased from Sigma-Aldrich, with a purity >0.995 by gas chromatography (GC). 1,2,4-Trimethylbenzene was purchased from Aldrich Chemistry, with a purity >0.98. They were used as provided and checked by gas chromatography. Their characteristics are summarized in Table 1.
Table 1. Material description.
	Chemical name  
	Source  
	Mass fraction 
Purity (GC)a
	Purification 
method

	1-butanol
	Sigma-Aldrich
	0.995
	None

	2,2,4-trimethylpentane
	Sigma-Aldrich
	0.995
	None

	1,2,4-trimethylbenzene
	Aldrich Chemistry
	0.98
	None


a From the supplier

2.2 Apparatus and procedure
A vibrating-wire viscometer [10,11], capable of working at T = (288.15 to 423.15) K and pressures up to 140 MPa, was developed to accurately measure dynamic viscosities up to 35 mPa·s. The vibrating wire and magnetic assembly are placed in a pressure vessel immersed in a Hart Scientific 6020 thermostatic bath. Fluid temperature is measured using two platinum resistance thermometers (PRT) and a ASL F100 thermometer calibrated with a standard uncertainty of ± 0.01 K. A Druck DPI 104 transducer allows pressure measurement to a standard uncertainty of ± 0.01%. Both devices were calibrated in our laboratory using primary standards and measurements are traceable to national standards.
The technique uses tungsten wire (length 50 mm and nominal radius 75 µm) anchored at both ends [12,13] as a sensor and placed inside a pressure vessel, with an external constant magnetic field. A detailed description of this technique, its set-up and calibration as well as uncertainty calculation is given in a previous paper [10]. The relative expanded uncertainty of the viscosity measurements is estimated better than ± 1.5% for a cover factor k = 2.
The measurement principle and working equations of vibrating-wire viscometers are well known and described in the literature [12-15]. The technique was calibrated with toluene and checked with dodecane. Heptane and other hydrocarbons such as 2,2,4-trimethylpentane and 1,2,4-trimethylbenzene were also measured [10].
Viscosity data at atmospheric pressure are usually correlated using the Vogel [16], Fulcher [17] and Tammann [18] equation (VFT), obtained by performing some assumptions [19,20] from Adam-Gibbs’ theory of configurational entropy [21]:
						(1)
D is the index of frailty (or Angell’s parameter) and To Vogel’s temperature, where the parameters C = To and B = DTo are independent of pressure. This equation was extended to account for the effect of pressure by Comuñas et al. [22,23], given by equation (2), and was used in this paper: 
						(2)
parameters A, B and C are determined through a preliminary viscosity setting as a function of temperature at the reference pressure (pref = 0.1 MPa, in this study);  and the coefficients F, E0, E1 and E2 are obtained from the viscosities at pressures different from the reference one. 

3.	Results and discussion
As an initial thermophysical characterization of biofuels, dynamic viscosity of 1-butanol and its mixture with different hydrocarbons (2,2,4-trimethylpentane or 1,2,4-trimethylbenzene) are reported at different temperatures, pressures and mole fractions of 1-butanol x = (0.3, 0.5, 0.8, 1.0).
Dynamic viscosity measurements were carried out at four isotherms in the range T = (293.15 – 353.15) K and pressures up to 140 MPa. Additionally, viscosity measurements were performed using a Stabinger Viscometer at 0.1 MPa for 1-butanol in order to check the vibrating wire viscometer. Table 2 shows the experimental viscosities of 1-butanol and Figure 1 shows the dynamic viscosity of the 1-butanol at different temperatures and pressures.
As is known, viscosity decreases with temperature and increases with pressure. For 1-butanol, a decrease of 73% is observed when temperature rises from 293.15 K to 353.15 K for all the measured pressures. However, increases in viscosity due to pressure, when this rises from 0.1  to 140 MPa, ranges from 149% at T = 333.15 K to 164% at  T = 293.15 K.
Table 2: Dynamic viscosities of 1-butanol,  (mPa·s), at different temperatures and pressures.a
	
	/ mPa·s

	p /MPa
	
	
	
	T /K
	
	
	

	
	293.15 
	298.15 
	313.15 
	323.15 
	333.15 
	348.15 
	353.15 

	0.1b
	2.9590
	
	1.7940
	
	1.1543
	
	0.7837

	0.1
	2.9686
	2.6013
	1.7968
	1.4288
	1.1564
	0.8579
	0.7903

	1.0
	3.0011
	2.6221
	1.8132
	1.4401
	1.1722
	0.8647
	0.7943

	5.0
	3.1084
	2.7151
	1.8899
	1.4910
	1.2273
	0.8956
	0.8284

	10.0
	3.2435
	2.8337
	1.9672
	1.5559
	1.2905
	0.9349
	0.8637

	20.0
	3.4787
	3.0785
	2.1399
	1.6899
	1.3888
	1.0161
	0.9473

	30.0
	3.7881
	3.3335
	2.3189
	1.8294
	1.5041
	1.1007
	1.0405

	40.0
	4.0777
	3.5987
	2.4799
	1.9745
	1.6240
	1.1887
	1.1017

	50.0
	4.4007
	3.8741
	2.6295
	2.1251
	1.7414
	1.2801
	1.2100

	60.0
	4.7398
	4.1596
	2.8520
	2.2813
	1.8671
	1.3749
	1.2952

	70.0
	5.0764
	4.4554
	3.0886
	2.4431
	2.0137
	1.4730
	1.3838

	80.0
	5.4377
	4.7613
	3.2466
	2.6104
	2.1367
	1.5746
	1.4734

	100.0
	6.1645
	5.4037
	3.6858
	2.9616
	2.3839
	1.7879
	1.6762

	120.0
	6.9795
	6.0869
	4.1920
	3.3351
	2.6327
	2.0149
	1.8566

	140.0
	7.8435
	6.8109
	4.6383
	3.6822
	2.8831
	2.2554
	2.0372


a Standard uncertainties (k=1): ur(p) = 0.0002 kPa/kPa; u(T) = 10 mK; ur() = 0.0075 mPa·s/mPa·s.
b Measured using Stabinger viscometer. Standard uncertainties (k=1): ur(p) = 0.005 kPa/kPa; u(T) = 10 mK; ur() = 0.005 mPa·s/mPa·s.


Figure 1. Dynamic viscosities of 1-butanol as a function of pressure at different temperatures: ◊ 293.15 K; □ 298.15 K;  313.15 K;   323.15 K; * 333.15 K; ○ 348.15 K;  353.15 K. Symbols represent experimental data and solid lines represent VFT correlation (equation (2)).
Experimental data were correlated using the modified VFT model, equation (2), as explained above, obtaining an average absolute deviation of 1.1%. Relative deviations, obtained with the correlation in comparison with experimental values, are depicted in Figure 2 as a function of pressure at different temperatures. The fitting parameters and standard deviation are summarized in table 3. 


Table 3: Correlation parameters of modified VFT model, equation (2), and standard deviation () for 1-butanol.
	A/
	B/
	C/
	E0/
	E1/
	E2/
	F
	 ()/

	mPa·s
	K
	K
	MPa
	MPa·K-1
	MPa·K-2
	
	mPa·s

	0.011849
	1068.232
	99.922
	0.946033
	0.961762
	-0.00126
	1.633896
	0.037




Figure 2. Relative deviations of viscosities in comparison with the values calculated using modified VFT equation (eq. 2) as a function of pressure at different temperatures: ◊ 293.15 K; □ 298.15 K;  313.15 K;   323.15 K; * 333.15 K; ○ 348.15 K;  353.15 K. 

Experimental viscosities measured using the vibrating wire viscometer were compared at 0.1 MPa with those obtained using a Stabinger viscometer, with an average absolute relative deviation of 0.2% being obtained. We also compared our measurements using the vibrating wire viscometer with the values found in the literature [9, 24-33], all of them being measured at 0.1 MPa. Relative deviations range from -0.06% [26] to +2.3% [31], as can be seen in figure 3, where relative deviations are plotted as a function of the experimental viscosity. The absolute average relative deviations obtained were: 1.3% [9]; 1.2 % [24]; 0.2 % [25]; 0.6% [26]; 1.4 % [27]; 0.1 % [28]; 1.0 % [29]; 0.2 % [30]; 1.0 % [31]; 1.0 % [32] and 0.8 % [33]. There are four points for comparison with the data published by Zivkovi et al. [31] and Knezevic-Stevanovic et al. [33].  These results confirm the agreement with our data within the measurement uncertainties. 


Figure 3. Relative deviations of viscosities in comparison with literature values as a function of the experimental viscosity measured in this work: ◊ measured in this work using a Stabinger-viscometer; □ Torín-Ollarves et al. [9]; ▲ Riddick et al. [24]; ■ Saleh et al. [25]; ● Wankhede et al [26];  Chen et al. [27];  Rostami et al. [28];  Shadegui et al. [29]; ○­ Sanz et al. [30];  Zivkovi et al. [31]; Rahman et al. [32]; * Knezevic-Stevanovic et al. [33]. Dotted lines represent the expanded uncertainty of the vibrating wire viscometer.
Assael et al. [34] measured viscosities of 1-butanol at T = (298.15 and 323.15) K and p ≤25 MPa at different pressures. Also, Papaioannou et al. [35] measured viscosities of 1-butanol at T = 298.15 K and p ≤52 MPa. We compared their experimental values with those calculated using the parameters of the modified VFT model given in table 3, and obtained an average absolute relative deviation of 1.9% for [34] and 0.3% for [35]. As can be seen in figure 4, deviations obtained at 298.15 K in comparison with [34] are slightly higher than the uncertainty. On the other hand, the agreement is excellent in comparison with [35] at the same temperature.


[bookmark: _GoBack]Figure 4. Relative deviations of viscosities in comparison with the values calculated using modified VFT equation (eq. 2) for 1-butanol as a function of pressure: this work □ at T = 298.15 K and ■ at T = 323.15 K; Assael et al. [34] ○ at T = 298.15 K and ● at T = 323.15 K; Papaionoannou et al. [35] ◊ at T = 298.15 K. 
As regards the behaviour of (1-butanol + hydrocarbon) mixtures, the viscosities for the binary systems {1-butanol (x) + 2,2,4-trimethylpentane (1-x) } and {1-butanol (x) + 1,2,4-trimethylbenzene (1-x) } are reported in tables 4 and 5 at x = (0.3, 0.5, 0.8) at wide ranges of pressure and temperature. 
Table 4. Experimental dynamic viscosity, mPa·s), for the mixtures of {1-butanol (x) + 2,2,4-trimethylpentane (1-x) } as a function of pressure and temperaturea.
	
	mPa·s

	
	T / K

	p /MPa
	293.15 K
	313.15 K
	333.15 K
	353.15 K

	
	x = 0.3002

	0.1
	0.6510
	0.4938
	0.3855
	0.3085

	1.0
	0.6579
	0.4951
	0.3922
	0.3131

	5.0
	0.6912
	0.5303
	0.4188
	0.3362

	10.0
	0.7318
	0.5681
	0.4439
	0.3574

	20.0
	0.8168
	0.6344
	0.4973
	0.3982

	30.0
	0.9098
	0.7073
	0.5520
	0.4475

	40.0
	1.0037
	0.7728
	0.6073
	0.4910

	50.0
	1.1077
	0.8419
	0.6677
	0.5403

	60.0
	1.2148
	0.9375
	0.7297
	0.5920

	70.0
	1.3241
	1.0048
	0.7944
	0.6322

	80.0
	1.4330
	1.0809
	0.8570
	0.6788

	100.0
	1.6792
	1.2353
	0.9892
	0.7915

	120.0
	1.9417
	1.4135
	1.1334
	0.8951

	140.0
	2.2110
	1.5872
	1.2794
	1.0073

	
	x = 0.5003

	0.1
	0.8986
	0.6427
	0.4739
	0.3658

	1.0
	0.9064
	0.6458
	0.4756
	0.3715

	5.0
	0.9556
	0.6742
	0.5003
	0.3955

	10.0
	0.9979
	0.7086
	0.5334
	0.4195

	20.0
	1.1399
	0.8024
	0.5894
	0.4654

	30.0
	1.2741
	0.8924
	0.6494
	0.5151

	40.0
	1.4151
	0.9864
	0.7134
	0.5714

	50.0
	1.5621
	1.0844
	0.7814
	0.6195

	60.0
	1.7386
	1.1864
	0.8534
	0.6790

	70.0
	1.8946
	1.2924
	0.9294
	0.7319

	80.0
	2.0546
	1.4024
	1.0094
	0.7953

	100.0
	2.3866
	1.6344
	1.1814
	0.9151

	120.0
	2.7346
	1.8824
	1.3694
	1.0260

	140.0
	3.0986
	2.1464
	1.5734
	1.1396

	
	x = 0.8000

	0.1
	1.7768
	1.1512
	0.7766
	0.5523

	1.0
	1.8049
	1.1611
	0.7891
	0.5621

	5.0
	1.8374
	1.2164
	0.8182
	0.5811

	10.0
	1.9489
	1.2788
	0.8680
	0.6183

	20.0
	2.1606
	1.4021
	0.9602
	0.6708

	30.0
	2.3535
	1.5404
	1.0400
	0.7334

	40.0
	2.5778
	1.6740
	1.1321
	0.7930

	50.0
	2.8262
	1.8245
	1.2315
	0.8609

	60.0
	3.0379
	1.9723
	1.3283
	0.9278

	70.0
	3.3084
	2.1136
	1.4194
	0.9984

	80.0
	3.5368
	2.2830
	1.5314
	1.0690

	100.0
	4.0663
	2.6193
	1.7347
	1.2026

	120.0
	4.6535
	2.9540
	1.9733
	1.3654

	140.0
	5.3221
	3.3279
	2.2125
	1.5259


a Standard uncertainties: ur(p) = 0.0002 kPa/kPa; u(T) = 10 mK; u(x) = 0.0001; ur() = 0.0075 mPa·s/mPa·s.

Table 5. Experimental dynamic viscosity, mPa·s), for the mixtures of {1-butanol (x) + 1,2,4-trimethylbenzene (1-x)} as a function of pressure and temperaturea.
	
	mPa·s

	
	T / K

	p /MPa
	293.15 K
	313.15 K
	333.15 K
	353.15 K

	
	x = 0.2999

	0.1
	1.0044
	0.7478
	0.5848
	0.4547

	1.0
	1.0191
	0.7546
	0.5927
	0.4576

	5.0
	1.0660
	0.7792
	0.6096
	0.4793

	10.0
	1.1039
	0.8286
	0.6356
	0.4978

	20.0
	1.1968
	0.8853
	0.6805
	0.5414

	30.0
	1.2916
	0.9596
	0.7326
	0.5770

	40.0
	1.3912
	1.0253
	0.7951
	0.6166

	50.0
	1.5157
	1.1054
	0.8476
	0.6590

	60.0
	1.6503
	1.1811
	0.9060
	0.7031

	70.0
	1.8042
	1.2706
	0.9707
	0.7463

	80.0
	1.9383
	1.3566
	1.0297
	0.7895

	100.0
	2.2361
	1.5314
	1.1766
	0.8968

	120.0
	2.5783
	1.7529
	1.3082
	0.9970

	140.0
	2.9557
	1.9686
	1.4472
	1.1166

	
	x = 0.5289

	0.1
	1.2272
	0.8685
	0.6443
	0.4950

	1.0
	1.2281
	0.8775
	0.6496
	0.4993

	5.0
	1.2903
	0.9012
	0.6816
	0.5174

	10.0
	1.3481
	0.9526
	0.7029
	0.5381

	20.0
	1.4616
	1.0290
	0.7530
	0.5739

	30.0
	1.5884
	1.1160
	0.8089
	0.6155

	40.0
	1.7301
	1.2010
	0.8688
	0.6521

	50.0
	1.8695
	1.2930
	0.9271
	0.6945

	60.0
	2.0307
	1.4022
	0.9904
	0.7392

	70.0
	2.1965
	1.4925
	1.0594
	0.7855

	80.0
	2.4009
	1.6115
	1.1310
	0.8338

	100.0
	2.7733
	1.8208
	1.2953
	0.9482

	120.0
	3.2609
	2.0651
	1.4528
	1.0623

	140.0
	3.7185
	2.3673
	1.6150
	1.1936

	
	x = 0.7991

	0.1
	1.9586
	1.2541
	0.8537
	0.6105

	1.0
	1.9768
	1.2707
	0.8605
	0.6180

	5.0
	2.0572
	1.3318
	0.8976
	0.6396

	10.0
	2.1770
	1.3849
	0.9400
	0.6670

	20.0
	2.3813
	1.5057
	1.0264
	0.7229

	30.0
	2.5630
	1.6447
	1.1069
	0.7805

	40.0
	2.7573
	1.7593
	1.1968
	0.8397

	50.0
	2.9951
	1.9206
	1.2820
	0.9004

	60.0
	3.2411
	2.0462
	1.3791
	0.9627

	70.0
	3.4810
	2.1871
	1.4665
	1.0264

	80.0
	3.7543
	2.3425
	1.5774
	1.0916

	100.0
	4.2890
	2.6496
	1.7711
	1.2263

	120.0
	4.8493
	2.9949
	1.9450
	1.3666

	140.0
	5.4698
	3.3359
	2.1353
	1.5122


a Standard uncertainties: ur(p) = 0.0002 kPa/kPa; u(T) = 10 mK; u(x) = 0.0001; ur() = 0.0075 mPa·s/mPa·s.

The modified VFT model (eq.(2)) was also successfully applied to fit the experimental viscosities of these mixtures at each composition. The corresponding parameters and standard deviations are summarized in table 6 obtaining an average absolute relative deviation which ranges from 0.83% to 1.30%. As examples, the experimental viscosity for the equimolar mixtures (1-butanol + 2,2,4 trimethylpentane) and (1-butanol + 1,2,4 trimethylbenzene) are shown graphically in figures 5 and 6, together with the VFT fitting equation. In the case of the mixtures, there is only one paper [9] which reports viscosities for the mixture with 2,2,4 trimethylpentane at 0.1 MPa, the average absolute relative deviation being 2.5% which is slightly higher than the uncertainties. 

Table 6: Correlation parameters of VFT model, equation (2), and standard deviations () for the mixtures: 1-butanol (x) + 2,2,4-trimethylpentane (1-x) or + 1,2,4-trimethylbenzene (1-x).
	1-Butanol (x)
	+  2,2,4-trimethylpentane (1-x)
	+  2,2,4-trimethylbenzene (1-x)

	
	x = 0.3
	x = 0.5
	x = 0.8
	x = 0.3
	x = 0.5
	x = 0.8

	A / mPa·s
	0.011784
	0.010460
	0.010464
	0.016279
	0.013864
	0.011366

	B / K
	1061.195
	1063.730
	1068.284
	1062.108
	1064.579
	1068.336

	C / K
	28.733
	54.390
	85.225
	35.582
	55.724
	85.738

	E0 / MPa 
	0.892080
	0.752861
	0.701445
	0.898696
	0.408135
	0.589666

	E1 / MPa·K-1
	0.713657
	0.599120
	0.680099
	0.683318
	1.060617
	0.716754

	E2 / MPa·K-2
	-0.001057
	-0.000567
	-0.000547
	0.001147
	0.003709
	-0.000327

	F
	1.555158
	1.680003
	1.679671
	2.783975
	5.559397
	1.797448

	 ()/ mPa·s
	0.013
	0.012
	0.034
	0.017
	0.016
	0.020




Figure 5. Dynamic viscosities of {1-butanol (0.5) + 2,2,4 trimethylpentane (0.5)} mixture as a function of pressure at different temperatures: (◊)T = 293.15 K; (□)T = 313.15 K; () T = 333.15 K; (○) T = 353.15 K. Symbols represent experimental data and solid line represents VFT correlation.


Figure 6. Dynamic viscosities of {1-butanol (0.5) + 1,2,4 trimethylbenzene (0.5)} mixture as a function of pressure at different temperatures: (◊) T = 293.15 K; (□) T = 313.15 K; () T = 333.15 K; (○) T = 353.15 K. Symbols represent experimental data and solid line represents VFT correlation.

Before discussing the behaviour of the mixtures, it is interesting to point out the behaviour of the pure hydrocarbons reported in a previous paper [10]. Viscosity of 2,2,4-trimethylpentane is lower than 1,2,4-trimethylbenzene and quantitative differences in pressure and temperature effects are also observed for both hydrocarbons. 
For 2,2,4-trimethylpentane, a viscosity decrease between 44 % to 46 % is observed when temperature rises from 293.15 K to 353.15 K at any pressure. Furthermore, viscosity increases between 232 % at  T = 313.15 K to 247 % at  T = 298.15 K, when the pressure increases from 0.1 to 140 MPa. On the other hand, a higher viscosity decrease is obtained for 1,2,4-trimethylbenzene, which ranges from 49 % to 60 % at the same temperature increase although a lower increase is observed due to the rise in pressure which is higher at lower temperatures, 135% at T = 353.15 K and 199% at T = 293.15 K.
As regards {1-butanol (x) + 2,2,4 trimethylpentane (1-x)} mixtures, their viscosities decrease in the region of 52% for x = 0.3, 60% for x = 0.5 and 69 % for x = 0.8, when temperature rises from 293.15 K to 353.15 K, at any pressure. The viscosity decrease is therefore higher as the mixture is enriched in 1-butanol. In contrast, when pressure is increased from 0.1 to 140 MPa, the highest viscosity increase is always observed at the lowest temperature and the effect decreases as the mole fraction of alcohol increases. The percentage ranges are: (227-240)% at x = 0.3, (212-242)% at x = 0.5 and (176-200)% for x = 0.8. The effect is depicted in figure 7, where viscosity of these mixtures is shown as a function of mole fraction at different pressures at T = 293.15 K. 

Figure 7. Experimental data of dynamic viscosity for the mixture {1-butanol (x) + 2,2,4 trimethylpentane (1-x)} at T = 293.15 K, as a function of mole fraction at different pressures: ◊ p = 0.1 MPa,  p = 20 MPa,  p = 40 MPa, ○ p = 60 MPa,  p = 80 MPa, □ p = 100 MPa,   p = 120 MPa and * p = 140 MPa. Data for x = 0 were published in [10].
The viscosity behaviour for {1-butanol (x) + 1,2,4 trimethylbenzene (1-x)} mixtures is qualitatively similar to the former mixtures. In the measured temperature range, viscosity decreases due to the increased temperature at a given pressure, and is greater as the mixture is enriched in 1-butanol without significant differences at each isobar. These decreases are in the region of 57% for x = 0.3, 63% for x = 0.5 and 70% for x = 0.8. Figure 8 shows this behaviour graphically. In addition, the increase of viscosity due to the pressure increase from 0.1 MPa to 140 MPa is more pronounced at lower temperatures: (146-194) % at x = 0.3, (141-203) % at x = 0.5 and (148-179)% for x = 0.8.

Figure 8. Experimental data of dynamic viscosity for the mixture {1-butanol (x) + 1,2,4 trimethylbenzene (1-x)} at p = 140 MPa, as a function of mole fraction at different temperatures: ◊ T = 293.15 K, □ T = 313.15 K,  T = 333.15 K and T = 353.15 K. Data for x = 0 were published in [10].

4.	Conclusions
Viscosity measurements of 1-butanol and its binary mixtures with 2,2,4- trimethylpentane or 1,2,4-trimethylbenzene were performed over a wide range of temperatures and pressures (293.15 K to 373.15 K and up to 140 MPa), using a vibrating-wire viscometer with an expanded uncertainty (k = 2) of ±1.5%.
Data were compared with the scarce extant literature data, and an agreement within uncertainty was obtained. The modified VFT equation was successfully used to fit the experimental data as a function of temperature and pressure with an average absolute deviation which agrees with measurement uncertainties. 
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E293.15	0.1	1	5	10	20	30	40	50	60	70	80	100	120	140	0.89856129999999956	0.90642	0.95554559999999999	0.99792229999999948	1.1398666999999787	1.2741	1.41509999999998	1.5621	1.7385999999999859	1.8946000000000001	2.0545999999999998	2.3865999999999987	2.7345999999999999	3.0985999999999998	E313.15	0.1	1	5	10	20	30	40	50	60	70	80	100	120	140	0.64265550000000882	0.64581800000000733	0.6741486000000122	0.70863699999999996	0.8024	0.89239999999999997	0.9863999999999995	1.0844	1.1863999999999999	1.2924	1.402399999999983	1.6343999999999999	1.8824000000000001	2.1463999999999999	E333.15	0.1	1	5	10	20	30	40	50	60	70	80	100	120	140	0.4739330000000001	0.47558600000000384	0.50029829999999997	0.53339999999999999	0.58939999999999959	0.64940000000000064	0.71340000000000003	0.78139999999999998	0.85339999999999994	0.9294	1.009399999999983	1.1814	1.3694	1.573399999999985	E353.15	0.1	1	5	10	20	30	40	50	60	70	80	100	120	140	0.36577530000000008	0.37149000000000032	0.39550430000000503	0.41949949520736213	0.46542162717746616	0.51508641055338567	0.57137305684195949	0.61946407331616971	0.67902504979885225	0.73185092378436811	0.79529899999999998	0.91508199999999951	1.025949999999985	1.1395999999999864	V293.15	0.1	1	5	10	20	30	40	50	60	70	80	100	120	140	0.90032797448363899	0.91101024860685187	0.95910178938132051	1.0206164019300601	1.1482442368093608	1.2818909501518279	1.4214315135236038	1.5667509672297377	1.7177430761325618	1.8743092284558529	2.0363575233386348	2.3765620280541899	2.7377293668501212	3.1193013326718231	V313.15	0.1	1	5	10	20	30	40	50	60	70	80	100	120	140	0.63804448810948722	0.64532325667033885	0.67807624861986127	0.71993542531797494	0.80667015331642111	0.89735536595543908	0.99191163602870869	1.0902657391710757	1.1923498494684381	1.2981008765306943	1.4074599132672558	1.6367845877330625	1.8799202913634314	2.1365069219347768	V333.15	0.1	1	5	10	20	30	40	50	60	70	80	100	120	140	0.4750731003565955	0.48030898482750539	0.50385967193580161	0.53393631227539062	0.5961879621651015	0.66118929454282105	0.72888659646841825	0.79923023716277264	0.87217415207610705	0.94767541550170653	1.0256938829233755	1.1891339902793918	1.3622185213217712	1.5447006968306718	V353.15	0.1	1	5	10	20	30	40	50	60	70	80	100	120	140	0.36797602287327635	0.37191118594672146	0.38960511301921263	0.41218822129255805	0.45888602902164494	0.50759174618843694	0.55826713064129951	0.61087677792272255	0.6653877706578587	0.72176938683429404	0.77999285471531288	0.90185879403117564	1.0307872413387953	1.1666004707061364	p /MPa

 / mPa·s


E293.15	0.1	1	5	10	20	30	40	50	60	70	80	100	120	140	1.2271632999999738	1.2280599999999999	1.290323299999983	1.3480799999999999	1.461629999999976	1.58839	1.7300949999999864	1.86954	2.0307032999999999	2.1964999999999977	2.4008699999999967	2.7732800000000002	3.2608999999999999	3.7184449999999987	E313.15	0.1	1	5	10	20	30	40	50	60	70	80	100	120	140	0.86848429999999999	0.8774845999999995	0.90123829999999949	0.95260597676406888	1.0289725042476461	1.1159749999999864	1.2009949999999801	1.2930363880233553	1.4022049999999859	1.49254	1.6115249999999834	1.8207500000000001	2.0651000000000002	2.3673104757384542	E333.15	0.1	1	5	10	20	30	40	50	60	70	80	100	120	140	0.64425200000000005	0.64957399999999998	0.68160500000000757	0.7028839529940496	0.75302036923727877	0.80893031169088592	0.86875439112126251	0.92710892211960005	0.99042653003392056	1.0594000960618324	1.1309518278465556	1.2952513983583138	1.452799999999983	1.615	E353.15	0.1	1	5	10	20	30	40	50	60	70	80	100	120	140	0.49495800000000384	0.49931250000000615	0.5173572541407907	0.5380788739509087	0.57390378897890659	0.6155348495740256	0.65210608835758543	0.69450650026939909	0.73921203827422677	0.78549193141680562	0.83378315872132658	0.94818507713475564	1.0623437105128397	1.193644628890224	V293.15	0.1	1	5	10	20	30	40	50	60	70	80	100	120	140	1.2280116636735481	1.2377936734645862	1.2820458542951281	1.3391774483696475	1.4597131891387505	1.5890059944038248	1.727544812543953	1.87583792166098	2.0344133881487227	2.2038195291075002	2.3846253785775042	2.7828187478553534	3.2339780622828855	3.7434498311780207	V313.15	0.1	1	5	10	20	30	40	50	60	70	80	100	120	140	0.86678577710696603	0.87303215311616422	0.90124225598240948	0.93755189222142465	1.0137748351795588	1.095007343581978	1.1815028227887869	1.2735237670503932	1.3713419554040878	1.4752386490642218	1.5855047902982731	1.8263587934056651	2.0964327739522748	2.3984234125143113	V333.15	0.1	1	5	10	20	30	40	50	60	70	80	100	120	140	0.64333113104333861	0.64754727258372846	0.66656084328629561	0.69096929395364803	0.74198779178967733	0.79605549760662364	0.85331285412911173	0.91390489635459859	0.97798134189733488	1.0456966819623028	1.1172102729450797	1.2722945131567847	1.4446097374466698	1.6356154302059125	V353.15	0.1	1	5	10	20	30	40	50	60	70	80	100	120	140	0.49701603955143681	0.4999921450571968	0.51339669400454335	0.53056544016632856	0.56631703545067202	0.60402087131202764	0.64375919153420824	0.68561670228938965	0.72968061654094962	0.77604069873005765	0.82478930974506537	0.92983481582410465	1.0456096773274199	1.1729509049662468	p /MPa

 /mPa·s


0.1	0	0.30000000000000004	0.5	0.8	1	0.50642299999999985	0.65100000000000013	0.8985612999999999	1.7768232999999998	2.9686399999999997	20	0	0.30000000000000004	0.5	0.8	1	0.63657160000000013	0.81676559999999998	1.1398666999999998	2.1605699999999999	3.4786865999999996	40	0	0.30000000000000004	0.5	0.8	1	0.78170300000000004	1.0036865568572824	1.4150999999999998	2.5777731281958864	4.0777365999999988	60	0	0.30000000000000004	0.5	0.8	1	0.95666200000000001	1.2147599999999998	1.7385999999999997	3.0378949999999998	4.7397900000000011	80	0	0.30000000000000004	0.5	0.8	1	1.1268199999999999	1.4329999999999998	2.0545999999999998	3.5367799999999994	5.4377199999999997	100	0	0.30000000000000004	0.5	0.8	1	1.3157399999999997	1.6791733	2.3865999999999996	4.0663	6.1645199999999987	120	0	0.30000000000000004	0.5	0.8	1	1.518	1.9417	2.7345999999999999	4.6534699999999996	6.9795000000000007	140 MPa	0	0.30000000000000004	0.5	0.8	1	1.73905	2.2109999999999999	3.0985999999999998	5.3220999999999989	7.8434999999999997	x

 /mPa.s


0	0.3	0.5	0.8	1	2.6680999999999999	2.9557000000000002	3.7185000000000001	5.4698000000000002	7.8434999999999997	0	0.3	0.5	0.8	1	1.8238000000000001	1.9685999999999999	2.3673000000000002	3.3359000000000001	4.6383000000000001	0	0.3	0.5	0.8	1	1.3427	1.4472	1.615	2.1353	2.8831000000000002	0	0.3	0.5	0.8	1	1.0646	1.1166	1.1936	1.5122	2.0371999999999999	x

/ mPa·s

